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INTRODUCTION 
General Statement 
Soil Is neither a solid nor a liquid, but contains and has 
characteristics of both of these states of matter. One characteristic 
is that It can exert pressure on an object with which It comes In 
contact. These In-sltu horizontal pressure (stress) In soil Is a 
fundamental parameter affecting the stability of slopes, retaining 
walls, foundations, as well as the supporting capacity and lateral load 
capacity of piles. Unfortunately, the in situ lateral soil pressure is 
also the most difficult soil pressure to predict or to measure^. 
It is not unusual to see a large variation in horizontal pressure 
within a site or along a single profile of soil, or between sites 
having similar soil types with similar geological history. Many 
natural and man-made factors affect the horizontal pressure in a 
particular soil layer. Thus, it Is quite difficult for an engineer to 
make a reasonable estimate of the in situ lateral soil pressure 
condition at a site without actually measuring it. 
The traditional means of obtaining the in situ lateral soil 
pressure has been to use soil boring as a sampling technique and 
perform laboratory tests on such samples. In the past decade, however, 
there has been a rapidly growing interest within the geotechnical 
profession towards the in-sltu determination of soil properties. In 
^Pressure" and "stress" often are used Interchangeably to signify 
compressive stress. "Pressure" also may connote a compressive stress 
exerted between objects or materials in contact, and is used 
exclusively for homogeneous area forces from liquids, as in air 
pressure or water pressure. 
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such a determination, a device Is Inserted Into the ground, appropriate 
tests are performed and the resultant data are used to derive 
correlation between soil parameters. Some of the advantages of In situ 
testing are as follow: 
1. Tests are performed In the natural environment and under 
natural conditions with the correct moisture regimes. 
2. Disturbance Is much reduced since sampling, handling, 
transportation, and specimen trimming are eliminated. 
3. Compared to most laboratory tests, the time required for 
In-sltu testing Is shorter. 
Many different In situ testing devices have been developed for the 
determination of lateral soil pressures, often reported as the in-sltu 
lateral pressure, which is the pressure of soil without any disturbance 
to the soil. One may be skeptical about data where the instrumentation 
does not take into consideration the pressure deviation caused by the 
Insertion of the test Instruments. In fact, at this stage of 
development, no one has yet devised a measurement method that does not 
involve some disturbance to the soil. 
In 1976, research was initiated at Iowa State University to 
address this problem. The goal of the research was to introduce 
several known levels of disturbance, establish a relationship between 
the measured stress and disturbance, and use the relationship to 
extrapolate back to zero disturbance. Consequently, a thin, stepped 
blade device was developed called the Iowa Stepped Blade (12). The 
blade is pushed into the soil, and the lateral soil pressures are 
3 
recorded by using a pneumatically operated sensor on the face of each 
blade step. By plotting the logarithm of measured pressures versus 
step thicknesses, one can extrapolate back to the hypothetical pressure 
registered on a zero thickness blade step, to estimate the lateral 
pressure in the undisturbed soil. A rational basis for the 
semllogarithmlc extrapolation is found in consolidation theory, as will 
be explained. 
Soil penetrated by the thin, stepped blade is presumed to be 
displaced and compressed laterally. Several modes of displacement may 
occur as shown in Figure 1. Initially, there is an elastic, immediate 
compression response due to the blade Insertion. At this stage, the 
soil grains behave like a rigid skeleton that is instantly compressed, 
and upon removal of the load. Instantly rebounds. The second stage 
Involves the expulsion of air from the soil, and this is referred to as 
the compaction process. When soil is saturated with water, a process 
similar to compaction occurs but at a much slower rate. In this case, 
water, instead of air, is being expelled from the soil system, and this 
process is called consolidation. 
Conventionally, the consolidation characteristics of soil are 
determined in the laboratory by a consolidation test. In the test, 
only the vertical compression of soil is allowed, so it is called one-
dimensional consolidation test. This test usually requires one week 
per sample. Such laboratory analysis does not reinstate either the 
lateral soil pressure or the hydrostatic pore water pressure on the 
soil in its native state. Therefore, laboratory consolidation test 
4 
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results can differ from field measurements by a factor of as much as 10 
to 20. 
A third mode of soli behavior, plastic shear, occurs upon 
penetration by thicker blades and by cone-shaped devices. A 
characteristic of this behavior is that the pressure decreases with the 
amount of disturbance from a maximum, referred to as the limit pressure. 
Purpose and Scope 
In the pneumatic Stepped Blade test, the total pressure of soil 
is measured. This pressure consists of the water pore pressure in 
soil, plus the effective stress of soil, or stress exerted by the soil 
grains. However, in soil mechanics practice and theory, it is 
important to know the two pressures separately. Thus, the primary 
purpose of this research was to develop an instrument based on the 
principle of the pneumatic Stepped Blade, to measure both water 
pressure and total pressure in soil. Since it is found that soil 
consolidation behavior prevails around the blade after the penetration, 
and that the consolidation process Involves dissipation of soil 
pressure, the Instrument also should have the capability of monitoring 
the soil pressures (water and total pressure) within time. 
A new In situ testing probe was designed, identical in shape to 
the Stepped Blade, but consisting of only the two thinnest steps, 3 
mm (0.118 in.) and 4.5 mm (0.177 in.) in thickness and each 63.5 mm 
(2.5 in.) in width. Each step is equipped with two electronic 
transducers, to measure the lateral total soil pressure and the soil 
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pore water pressure. The two-stepped blade tentatively Is called the 
electric Stepped Blade. A calibration device and a de-alrlng system 
for the measurement system were designed and built. By connecting the 
two-stepped blade to a portable data processor, the two pressures are 
measured simultaneously and the pressure decay over time can be 
monitored. 
Field testings were carried out at a site of soft alluvial clay 
near the Iowa State University campus. The advantage of using this 
test site is that the Iowa Stepped Blade and other in situ testing 
devices like the Dllatometer and the Borehole Shear Tester already had 
been performed, so results from the electric stepped blade could be 
compared with those obtained from previous field testing at the same 
site. This site also was identified as a "difficult soil" because even 
the thinnest step of the pneumatic blade caused pressures Interpreted 
to exceed the limit pressure. The study therefore included an 
investigation of this soil behavior due to blade penetration by soil 
modeling. To choose a suitable soil model, the stress-strain behavior 
of soil from this site had to be determined. A laboratory triaxlal 
extension test was used. The last part of the study made use of the 
pressure dissipation data to estimate the rate of soil consolidation. 
7 
LITERATURE REVIEW 
Coefficient of Lateral Stress 
Stresses within soil are caused by external loads applied to the 
soil and by weight of the soil itself. Such stresses typically are 
anisotropic, that is, not the same In all directions. The ratio of 
horizontal to vertical stress is called the coefficient of lateral 
stress or lateral stress ratio, and is denoted by the symbol, K. 
The patterns of soil stresses Induced by applied loads and the 
soil self-weight usually are complicated. Vertical stresses attributed 
only to soil weight are commonly assumed to be vertical geostatic 
stresses, computed from the weight of the soil above the level under 
considerationi If all or part of the soil is below the water table, 
the total vertical stress (a) due to the soil weight can be separated 
into the effective stress (a*) and the hydrostatic pore water pressure 
(u ). The lateral stress ratio, K, is the ratio of effective stresses 
in the horizontal to vertical directions. In special cases where there 
has been no lateral strain within the ground, the ratio of the 
associated horizontal stress to vertical stress is renamed as the 
coefficient of lateral stress at rest, or lateral stress ratio at rest, 
^o-
The coefficient of lateral stress or lateral stress ratio is 
influenced by numerous factors such as the shrlnk-swell activity, man 
Induced effects, soil formation, and past loading history. Schmertmann 
(33) referenced a range in from 0.2 to 6.4 in the literature, 
illustrating the large variability of this parameter. With such 
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variability, it Is difficult for engineers to make a reasonable 
estimate of the K condition at a site without some actual measure of 
lateral stress. 
Many researchers have developed methods for determining the 
condition of soils. Schmertmann (33) listed 17 methods, 7 of which 
Involve laboratory testing while the rest Involve field testing. 
Results from laboratory studies Indicated that many factors influence 
the lateral soil pressures, and their combined effects cannot be 
simulated In a laboratory set-up. Field methods also have their 
disadvantages. The introduction of a measuring device creates 
disturbance which can dramatically alter the stress condition that was 
present prior to insertion. Some field testing instruments such as the 
self-boring pressuremeter are designed to minimize the amount of 
disturbance, while others such as the Dilatometer and Stepped Blade are 
designed to induce known levels of disturbance, which is then taken 
into account by empirical or extrapolation methods. 
In Situ Evaluation of K 
o 
In spite of its limitations, field testing and the use of in-sltu 
measurements has been' expanding rapidly in geotechnlcal engineering 
practice in the United States and abroad. A number of in-sltu testing 
devices have been developed for evaluating properties of soils, 
particularly the condition of soils. These Instruments can be 
classified according to their geometry into round or flat-plate 
penetrometers. The testing devices usually are equipped with a stress-
9 
sensing element, and are either pushed or driven Into the ground to 
measure soil lateral stresses and other related properties. 
Push-In spade-shaped pressure cells 
Glotzl cell Massarsch (25) and Tedd and Charles (41) describe 
a method of measuring In situ lateral total stress by driving a thin, 
single blade flat plate equipped with a pressure sensor, and monitoring 
the total stress change with time. In their studies, the total stress 
cells were referred to as the Glotzl cells. Upon inserting the cell in 
the soil, excess pore pressure is generated due to the overstress in 
the soil around the cell. As the excess pore pressure dissipates, the 
total stress measured on the face of the plate decreases. Pressures 
are monitored with time until stress equilibrium condition is achieved. 
The rate of pressure dissipation Is dependent upon the type of soil and 
the thickness of the cell. The thicker the cell the greater the amount 
of soil disturbance and the corresponding excess pore pressure. Large 
pore pressures developed in clay due to the action of insertion may 
require days or even weeks to dissipate (38). The amount of 
disturbance may^be minimized by keeping the cells thin, on the order of 
4.0 mm. 
Flat dilatometer Another type of flat-plate penetrometer 
designed to estimate several, soli parameters, including , is the flat 
dilatometer developed by Marchetti (22). The Marchettl dilatometer is 
a flat stress cell with an expandable circular diaphragm. It is 
connected to the control unit by a pneumatic-electric cable. Upon 
insertion, a flexible diaphragm is Inflated by compressing gas through 
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the control unit and pneumatic-electric cable. As gas pressure slowly 
increases and the center of the diaphragm moves outward 0.05 mm against 
the soil, an electric contact is broken identifying the required 
pressure, known as A-readlng. Another reading is taken when the 
expansion of the center of diaphragm is 1 mm, which renews an electric 
contact. This pressure Is called the B-readlng. These pressures 
corrected for diaphragm stiffness form the basis for calculating the 
dilatometer indices, that then are used for empirically determining the 
coefficient of lateral earth pressure (K^). 
Stepped Blade This Instrument was Introduced by Handy et 
al. (12) as a means of measuring lateral in situ stresses in soils. 
The guiding philosophy was to develop an instrument to measure in situ 
soil stress at any depth without waiting for the equilibrium pressure 
(that may or may not represent the true In-situ stress) to be 
established. Since disturbance caused by the insertion of any device 
into the soil is unavoidable, and it varies as a function of the 
thickness of the device, the design of the blade includes a variable 
disturbance. By introducing pre-set levels of disturbance, by changing 
the thickness of the blade, and establishing a relationship between the 
measured pressures and the introduced disturbance, extrapolating to 
zero thickness should yield a measure of the prior In-situ stress. 
Figure 2 shows the extrapolation principle of the stepped blade. 
The Stepped Blade went through several stages of development to 
reach the current (ca. 1988) version, which consists of four 
successively thicker steps with the thickest at the top. Each step 
11 
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Figure 2. Schematic diagram illustrating principle of the 
Stepped Blade (11) 
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contains a flat pneumatic pressure sensor that measures the total 
pressure of soli using a pressure balance principle. Based on a series 
of controlled laboratory tests using compacted soli, Handy et al. (12) 
suggested that the Initial stress condition could be described by a 
simple expression as: 
P = aP.e'^t (1) 
o 1 
where and P^ are respectively the pressure on a blade of thickness 
t, and the In situ stress of soil respectively; and "a" and "b" are 
regression coefficients of the above expression. Thus, a plot of 
logarithm of measured pressure versus blade thickness would be linear 
with slope b and Intercept logg PQ. This exponential relationship is 
consistent with the commonly observed linear relation between void 
ratio and logarithm of pressure. Therefore, it was proposed that the 
blade may also be used to estimate the compression index of soil, 
C^. However, no further work has been done to implement this concept. 
Extensive field studies on the Stepped Blade were performed in 
the last two years. The instrument was tested in many parts of the 
country and successful prediction on the in situ lateral stress of many 
different soil types were achieved by using the exponential 
relationship between the blade thickness and the resultant pressure. 
Test results also were used to determine the bearing capacity of 
shallow foundation, the stability of retaining walls and landslides, 
and soil pressures on piles in deep foundations. A detailed summary of 
these tests and data are in a report prepared by Handy et al. (11). 
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There also were Incidences where the exponential relationship between 
the blade thickness and measured pressures was not upheld, in 
particular in loose loesslal silt soil and very soft expansive clay. 
Handy et al. (11) indicate these as difficult soils since their 
behavior Impeded the measurements of their lateral stress by the 
blade. 
Results from previous studies on the Stepped Blade suggest that 
several soil responses may occur following the insertion of the Stepped 
Blade. They are shown in Figure 3. 
(a) Elastic soil behavior 
The measured stresses on the second step were found to drop 
off from those measured on the first step followed by an increase in 
stresses acting on the third and fourth steps as shown in Figure 3b. 
This high first point was hypothesized to be an elastic response to the 
penetration of the thinnest blade prior to breaking down of the soil 
structure. This is followed by the normal consolidation compression 
incurred by the thicker steps. This suggests that the pressure 
measured on the first step, in breaking down the soil structure, may 
relate to the horizontal preconsolldatlon pressure in saturated soils 
or to a false preconsolldatlon pressure attributable to cementation or 
apparent cohesion in unsaturated soils. 
(b) Consolidation 
Consolidation behavior of soil after the insertion of blade 
results in a linear relationship between blade thickness and the 
logarithm of measured pressure. When extrapolated to zero blade 
14 
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thickness, a horizontal In situ stress that has taken Into 
consideration the disturbance created by the blade is obtained (Figures 
3a, 3b, 3c and 3d). It should be noted that only those pressures 
associated with an observed consolidation behavior are used for such 
extrapolation. They Include all measured pressures shown in Figure 3a, 
the pressures on the last three steps in Figure 3b, the pressures on 
the second and third steps In Figure 3c as well as the pressures on the 
first two steps in Figure 3d. 
(c) Plastic failure 
Plastic failure was found to predominate in blade steps 
wherein the ratio of blade width (w) to thickness (t) is less than 
about 7. Thus a thicker step should induce a proportionately larger 
deformation to soil upon insertion, reducing the pressure on that step. 
Plastic failure can also be observed at thinner steps with a higher w/t 
when used in weak soils, particularly if they already are close to a 
failure condition due to high lateral in-sltu stresses from containing 
expansive clays. Once failure occurs, the lateral stress stays 
constant or decreases regardless of increased blade thickness. These 
suggest that the rate of generation of pore pressure during the 
breakdown of soil structures is about the same as the rate of pore 
pressure dissipation or loss of strength through remolding. Handy et 
al. (11) defined the lateral stress experienced at the point of failure 
as the blade limit pressure. 
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Round shaped penetrometers 
Pressuremeter The pressuremeter is a long, ballon-like probe 
consisting of a steel tube surrounded by two flexible rubber membranes 
forming one to three coaxial cells. They may be inflated by water 
pressure applied through tubes from the ground surface (4). Standard 
Menard-type pressuremeter tests are conducted by first lowering the 
probe into a prebored hole to the desired test depth, and inflating the 
rubber membrance by applying equal increments of pressure via the 
control unit. The volume change with each pressure Increment is 
measured and the horizontal in situ stress is then estimated from 
changes in the pressure versus volume curve generated from the test 
data. The reported values on lateral stress obtained by using the 
pressuremeters show large variations (26, 38). Most researchers are 
skeptical about these results because the advancement of the borehole 
causes local soil disturbance and stress relief. 
To minimize these problems, the self-boring pressuremeter was 
developed. Its design incorporates a cutting head and pulverizer to 
the original concept of the pressuremeter, so that the self-boring 
pressuremeter has the capacity to create Its own borehole. By using 
the self-boring pressuremeter, the precompression phase is greatly 
reduced, and the in situ horizontal stress is read as the stress at 
zero strain. 
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Theories Relating to the In Situ Testing Devices 
When a measuring device Is pushed Into soli, it must initially 
displace a volume of soil equal to the volume of the device. It Is 
important to know stress changes associated with such volume changes 
and displacements of soil in order to better understand soil behavior 
during the penetration process. However, estimation of stress changes 
is not easy. One approach Is to make use of a stress-strain theory or 
mathematical model, whose accuracy can be checked In the laboratory so 
that its limitations may be assessed. The most commonly used theories 
for such purposes are the theory of elasticity and theory of cavity 
expansion. 
Theory of elasticity 
Tedd and Charles (42) analyzed the penetration behavior of the 
push-in pressure cell using the theory of elasticity. The pressure 
cell was assumed to be a sufficiently long and thin plate so that the 
penetration of the plate can be simplified as a two dimensional 
horizontal plane strain problem (Figure 4). Pushing in of the cell is 
initially modeled by the line AE, which becomes the rigid inclusion 
ABCDEFG of width 2b and thickness 2d (Figure 4a). Since there Is 
symmetry about the x and y axes, only one quadrant need be considered. 
In 1963, Llam Finn (17) presented a solution based on the theory of 
indentation for situations where the displacement in the y direction is 
-d. Following this analysis, and assuming that the cell is smooth and 
that d/b is small, the stress in y-dlrectlon measured at the face of 
the flat-plate due to the displacement of the cell Is, 
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Oy = d/2Tr|(E/(l-v)^) (l/(l-(x/b)^)| for 0<x<b and y = d (2) 
where E Is the Young's modulus and v is Poisson's ratio of the soil. 
Since the penetration process usually takes place In a short period of 
time, if water drainage does not have time to occur, the undralned 
young modulus is better suited for E, and a value of 0.5 may be used 
for V , characteristic of saturated clays. It should be noted that 
this approach does not consider the distribution of excess pore 
pressure induced due to the penetration and the possibility of a zone 
of failed soil around the cell. 
Cavity expansion method 
The expansion of a long cylindrical cavity in an infinite medium 
Is a boundary value problem in applied mechanics that is of Interest to 
geotechnical engineers. Solutions to this problem have been obtained 
for a number of ideal materials, and have been used for the analysis of 
cone or plezcone penetration test results (32, 40) and pressuremeter 
test data (3) because of the similarity in geometry. The application 
of cylindrical cavity expansion theory has also been extended to model 
the installation of piles driven into clay soils (8) and for studying 
hydraulic fracturing of soils during pile driving (27). Generally, the 
expansion of the cavity is assumed to occur either from a zero initial 
cavity radius or from a pre-existing cavity. In both applications the 
cylindrical expansion is used to model the deformation around the pile 
or penetrometer at some distance away from end effects, i.e., away from 
20 
the ground surface and from the tip in the case of a pile or a cone, 
and away from the ends of the inflatable membrance in the case of a 
pressuremeter. 
Despite the success in applying the theory of cavity expansion to 
many penetration problems as mentioned above, the theory is not 
directly applicable to the case of a flat-plate penetration because of 
the difference in geometry. Marchetti (23) proposed that a possible 
way of analyzing the penetration process of a flat-plate such as the 
flat dllatometer is to model it as the expansion of a flat cavity as 
shown in Figure 5. However, due to the complexity of solving the 
problem of a flat cavity expansion, no further work has been done to 
implement the idea. 
Consolidation Theory 
Penetration by a measuring device into a foundation consisting of 
saturated cohesive soils changes the existing states of stress and pore 
water pressure. These changes cause consolidation of the soil mass 
which can influence the stress-deformation behavior of soil around the 
penetration device. Since part of the research work in this study is 
to Investigate the consolidation behavior of soil around the stepped 
blade, a review of the theory of consolidation is included. 
Theory of consolidation 
The theory of consolidation was developed by Dr. Karl von Terzaghl 
(43). The term "consolidation" as applied to soils includes the 
concept of magnitude of compression which results when a load is 
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applied to a soil, and also the phenomenon of a continually decreasing 
speed as such compression proceeds. 
A soil mass is known to consist of a network or skeleton of solid 
particles that enclose varying sizes of voids and interspaces. The 
voids may be filled with air, water, or a combination. If loading is 
applied to such soil mass such that its volume decreases, this decrease 
may be attributed to the compression of the solid matter, and to 
compression of water and air within the voids, that is Influenced by 
water and air leaking out from the voids. Under usual loading 
conditions in soil masses, the solid matter and the pore water, being 
relatively incompressible, do not undergo appreciable volume change. 
For this reason, it may be considered that the decrease In volume of a 
saturated soil mass is due entirely to an escape of water from the 
voids. The associated compression of soil is defined as the primary 
consolidation. After pore water pressures equilibrate, additional 
compression which constitutes a small degree of remolding or destroying 
of structure of soil mass is referred to as secondary consolidation 
(15). Conventionally, It is assumed that the primary consolidation 
runs its course first, and that secondary consolidation sets in 
afterwards. However, in most consolidation phenomena, it is found that 
the two processes overlap despite the secondary compression proceeding 
very slowly. Therefore, using conventional consolidation test results 
and primary consolidation theory for predicting the rates of settlement 
for actual foundations will underestimate the real situation in most 
cases (37). 
23 
Effective stress concept 
Stress Is defined as force per unit of area. For a loaded soil 
mass below water, there will be stresses within the soil skeleton due 
to the forces existing at points of contact of Individual particles, 
and there will be stresses carried by the water In the soil pores. The 
former are known as effective stress expressed as a< , and the latter 
as neutral stress, while the sum of these two stresses is the total 
stress, expressed as a . In geotechnlcal engineering, a 
simpllcation usually is made that the actual grain-to-grain contact 
areas are zero, so that the neutral stress equals the pore water 
pressure expressed as y , which is measured by pressure gauge, 
piezometer or by some other means. 
Effective stress change during the consolidation process 
The process of consolidation is the process of generation and 
dissipation of pore water pressure established by a foundation loading 
or at change in water conditions. Consider the establishment of a 
total stress Increment Ao by means of a foundation loading or other 
mechanisms. At the instant of loading, the total stress Increment Aa 
is transmitted to the soil as an excess pore pressure Ay if the change 
in loading or boundary conditions take place in a time that is short 
compared to the dissipation time of excess pore pressure. The stress 
Increment Aa thus is corrected to a pore water pressure that is in 
excess of the previously existing static water pressure. Since the 
effective stress increment Aa' Is governed by the effective stress 
equation, Aa'= Aa—Ay, the effective stress increment is Initially 
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zero. As soon as loading Is applied, water begins to flow owing to the 
gradient caused by the excess pore pressures and the soil changes In 
volume. If the excess pore pressures are positive and water flows out, 
the soil tends to decrease In volume and the process Is called 
consolidation. However, If due to soil grain Interaction the excess 
pore pressure Is negative, the soil tends to Increase In volume, and 
the process Is called dilation. The mathematical theory describing the 
dissipation of excess pore pressures and associated deformations of the 
soil Is called consolidation theory. Mathematically, the consolidation 
theory Is governed by (a) the equations of equilibrium for an element 
of soil; (b) stress-strain relations for the soil skeleton; and (c) a 
continuity equation for the pore fluid (37). 
One dimensional versus two and three dimensional consolidation theory 
In one-dlmenslonal consolidation theory, water In soil Is assumed 
to flow only In one direction, usually the vertical direction In 
foundation analysis, and the associated strain is also assumed to occur 
only In the vertical direction. However, In most actual problems, 
surface loadings cause excess pore pressures which vary both 
horizontally and vertically. The resulting consolidation will Involve 
horizontal as well as vertical flow, and horizontal as well as vertical 
strains. Published field evidence of the rate at which foundations on 
clay settle suggests that the actual rates are generally faster than 
those predicted by one-dimensional consolidation theory (34, 44). The 
horizontal dissipation of pore pressure that is not taken into account 
In the one-dimensional consolidation theory is a factor causing the 
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actual rate of settlement more rapid. The theories including the water 
flow and soil deformation in both vertical and horizontal directions 
are called two-dimensional and three-dimensional consolidation theory. 
Comparison of laboratory and field study of soil consolidation behavior 
Field study of consolidation behavior of soil generally is 
performed by installing numerous piezometers or pressure sensors at the 
desired locations below a foundation or some types of structures, and 
monitoring the pressure changes after the loading. In most cases, the 
dissipation behavior of excess pore pressure is measured until the 
equilibrium static pore pressure is achieved. Depending upon the 
amount of loading and the permeability of the foundation soil, the 
dissipation process can last as long as several months or even years. 
Combining the field data and the theory of consolidation, the soil 
properties pertinent to the consolidation behavior may be obtained by 
back-calculations. Undisturbed samples are usually obtained from the 
field for laboratory consolidation tests so results from field and 
laboratory studies may be compared. 
Large discrepancies usually are found between the results from 
laboratory and field testing, even when the best documented soil 
histories are obtained and the laboratory tests are performed by 
following the field stress path as closely as possible. A study 
performed by Bromwell and Lambe (6) shows that the value of coefficient 
of consolidation obtained from the laboratory test was found to be less 
by a factor of 100 than the value back-figured from field data. In 
addition to unavoidable sample disturbance, errors in either field 
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measurements or laboratory test procedures, and errors due to the 
assumptions made In deriving the consolidation theory, the discrepancy 
between the field and laboratory results also may be attributed to the 
variable field conditions. They are characterized by unusual 
conditions such as uncertain stratigraphy, complex stress states that 
Involve mass movement, soll-foundatlon Interaction problems, and two-
and three- dimensional drainage. All of these tend to emphasize the 
advantage of the field measurement over the laboratory measurement In 
the study of soil consolidation behavior. Since pushing of certain 
measuring devices In the field appears to cause consolidation of soil 
adjacent to the Instruments, research studies have been performed to 
Investigate the In-sltu consolidation behavior of soil using some of 
the In situ testing devices mentioned previously. 
Estlmate of in situ consolidation characteristics of soil using push-in 
penetrometer 
Piezocone The measurements of pore water pressures during the 
penetration of a conical probe into soil was first Introduced in the 
early 1970s (45). In the original design, the cone angle was 20 and 
pore pressures were measured by means of a porous stone located at the 
cone tip. In the past decade, significant advances have been made in 
the design of the plezocones, particularly in varying the location of 
the pore pressure element. Results show a large range in responses of 
pore pressures for slightly different measurement locations in the area 
behind the tip (16, 18). Since no single location can provide 
information for all possible applications, several modem cones have 
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been designed to Include the capability to record pore pressures at 
several locations simultaneously (16, 18). 
Since the development of plezocones enables the measurements of 
pore pressure during cone penetration testing, these measurements 
together with the excess pore pressure dissipation data obtained after 
the cone penetration as the soil consolidates can be used to estimate 
the consolidation characteristics of soils. Studies associated with 
soil consolidation around a plezocone have been performed by many 
researchers (1, 30). A comprehensive study and review of this topic 
was recently published by Lavadoux and Ballgh (16). The followlngs are 
the procedure for evaluating C from plezocone dissipation tests: 
h 
(a) Plot the normalized excess pore pressure with log time. 
(b) Compare the measured dissipation curve with theoretical 
curves which are obtained from the desired time factors for 
consolidation In the study. 
(c) If the curves are similar In shape, the may be computed 
from: 
2 
CI = R T/t (3) 
h 
where T : theoretical time factor for a given tip geometry, porous 
element location and soil rigidity Index 
t : time to reach the given percent of pore pressure dissipation 
R : radius of cone 
In the study, an approximate procedure for estimating the horizontal 
coefficient of permeability R and vertical coefficient of 
h 
consolidation C^ from C^ were also suggested. A close agreement 
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between the comparison of the piezocone data and laboratory 
measurements for and was obtained. 
Dllatometer plezoblade 
Use of the flat dllatometer probe for measuring horizontal lateral 
stress and of soils was discussed In a preceding section. In the 
dllatometer test, the pressures required to just lift the membrane off 
the sensing disc (reading A), and to cause I mm deflection at the 
center of the membrane (reading B), are recorded. Following the 
pressure expansion sequence to obtain the A and B readings, an 
additional pressure reading known as C-reading is obtained by 
controlled gas deflation. The C-reading indicates pressure at which 
the diaphragm recontacts the face of the blade. The closing pressure 
?2 is obtained from the C-reading such that Pg = C - A^orrection' where 
^correction the correction factor for the membrance stiffness. This 
pressure reading only recently was introduced, and was proposed to 
estimate the penetration pore pressure generated by advancing the 
dllatometer blade in the study by Lutenegger and Kabir (19). They also 
suggested that Induced pore pressure due to the penetration of 
dllatometer probe might be estimated by reinflating the diaphragm 
following venting after the A and B readings to obtain a second A-
reading. 
One disadvantage with the origin dllatometer test was that pore 
pressure measurements could not be directly made. Later developments 
addressed this problem. As a result, a specially designed flat 
dllatometer was developed to incorporate the pore pressure elements and 
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is now called plezoblade (2). The plezoblade is a conversion of the 
dllatometer blade in which the flexible diaphragm In the origin flat 
dllatometer is replaced with a pore pressure transducer mounted on the 
face of the blade. This enables monitoring the pore pressures 
generated around the diaphragm area on the blade. Recently, Campanella 
et al. (9) performed some pore pressure measurements in sites of sand 
and soft clays using a (IBC (University of British Columbia) research 
flat plate dllatometer (DMT) which Is Identical in size, shape and 
operation as the plezoblade probe design. Their data were compared to 
the closing pressures (P^) from tests using the standard Marchetti DMT. 
Results from the study indicate the following main points regarding the 
pore pressure measurement: 
(1) The data from soft clay sites using the standard DMT (P^, 
Pj) showed large induced pore pressures caused by the penetration. 
(2) The pressures measured as the membrane returned to the 
closed position was the same as the penetration pore pressure. 
(3) In clean sands, no excess pore pressures are generated 
during the blade penetration, and It suggested that the closing 
pressure is approximately equal to the static equilibrium pore 
pressure. 
A comparison study of the dissipation data for pressures measured 
by standard DMT, research DMT and cone penetration test (CPTU) was 
performed In a soft clay by Robertson et al. (31). In this study, the 
CPTU dissipation data was for the pore pressure element located 
Immediately behind the tip. Some Important findings in the study are 
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concluded as follows: 
(1) The rate of dissipation for pore pressures around the DMT Is 
slower than that around the cone-penetrometer probe as shown In Figure 
6. Time for 50% dissipation for the DMT is approximately twice that of 
the cone test. The slower rate of dissipation is probably related to 
the approximate two-dimensional shape of the flat dllatometer blade. 
(2) During the standard DMT test, the change of the DMT A-
readlng with time was recorded after the penetration by following the 
procedure suggested by Marchetti et al. (24). The contact pressure, A-
reading, after corrected for membrane stiffness is the 
lift-off stress, PQ, which Is also considered to be the total stress of 
soil after the dllatometer probe insertion. The difference between the 
PQ and the penetration pore pressure measured from the research DMT is 
then the effective stress of soil acting on the membrane. As the 
excess pore pressures dissipated, the effective stresses was found to 
Increase. This technique was suggested by Marchetti et al. (24) for 
estimating the effective stress acting on a driven displacement pile 
after consolidation. 
(3) The membrane inflation in the standard DMT was repeated so 
that the repeated A, B and C-readings (P^, P^, Pg) were recorded over 
time. The dissipation curve for the pressure P^, P^, and P^ were 
obtained. These dissipation data were compared with the actual pore 
pressure dissipation data measured by research DMT as shown in in 
Figure 7. It was noted that the Pg readings followed a very similar 
dissipation curve to that of the actual DMT pore pressures. Because of 
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the similarity between the dissipation curves of the DMT pore pressures 
and the C-readings, the coefficient of consolidation, C , may be 
h 
estimated by using the standard DMT and repeating the A, B and C-
readlngs (P^, , P^) over time. 
(4) A tentative procedure to estimate C. from the repeated C-
h 
readings using the standard DMT was proposed. The procedure 
recommended is as follows: 
(a) Repeat the process of obtaining A, B and C reading at 
one other depth of soil at the end of the penetration 
and monitor the readings over time. 
(b) Plot C-readings (Pg) versus log time. 
(c) Check that the final P^ values are approximately equal 
to the hydrostatic water pressure. 
(d) Check the shape of the dissipation plot in step (b) is 
similar to that given in Figure 8, 
(e) Record the time for 50% dissipation (tg^). 
2 (f) Using equation C^ « TR /t to estimate C^^, 
where T = DMT time factor, T^^ = 4 
t = time for percentage dissipation 
R = equivalent radius of DMT blade, 20.57 mm. 
The above-mentioned procedure for estimating C was adopted in the 
h 
study of consolidation behavior of a soft alluvial clay by Lutenegger 
et al. (20). In the study, back-calculated values of C obtained from 
h 
both the plezocone and flat-plate plezoblade, were compared with the C^ 
value determined from laboratory oedometer tests on horizontally 
34 
10, 
e/«u 
500 
1^00 Has OS -
0.1 too K) 
TIME FACTOn.Tw^" ' 
Uo • EQUILIBRIUM PORE PRESSURE 
• EXCESS PORE PRESSURE AT TIME I 
Au, • INITIAL EXCESS PORE PRESSURE 
R m EQUIVALENT RADIUS (aO.STmm) 
C„ « COEFFICIENT OF CONSOLIDATION 
E m YOUNG'S MODULUS 
•ubUNORAINED SHEAR STRENGTH 
Pi"« P, VALUE AT TIME I 
INITIAL P]VALUE (IaO) 
Figure 8. Tentative empirical time factors for dissipation test 
using DMT (31) 
35 
trimmed undisturbed samples. Results Indicate that the values of C. 
h 
obtained from both penetrometer tests are generally all within the same 
order of magnitude obtained from oedometer tests. Comparison of the C, 
h 
values are shown In Figure 9. 
Pneumatic Iowa K^ Stepped Blade 
A research study on consolidation behavior of soil around the Iowa 
KQ Stepped Blade was performed by Pabst (29) at Iowa State University. 
In the study, the finite element computer program, ADINA (Automatic 
Dynamic Incremental Nonlinear Analysis) was used to determine the 
thickness of consolidating soil layer around the blade. In the 
analysis, a Drucker-Prager elastic-plastic model was applied to 
represent the stress-strain relationship of soft clay, and the total 
stresses and the soil pore pressures were considered Independent of 
each other. Results showed that a zone of disturbance ranging from 0.4 
to 1.4 Inches was created around the stepped blade due to the 
penetration. This finding was then used to estimate the coefficient of 
consolidation in vertical direction (C^) by using laboratory and field 
data on Canadian Leda clay reported by Holtz and Kovacs (13). The 
estimated Cy was found to be comparable to the C^ value in Holtz and 
Rovacs's study. 
The Triaxial Test 
In order to decipher the information provided by the results from 
field testing, laboratory studies on the properties of soil are usually 
performed. There are numerous laboratory methods to characterize the 
soil properties, especially the stress-strain behavior of soil. One of 
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such methods Is the trlaxlal test performed on undisturbed or remolded 
soil samples. 
There are several different types of trlaxlal tests, characterized 
by their loading pattern and their drainage condition. The 
conventional compression test usually Is performed to show stress-
strain behavior of a soil sample. In this test, a cylinder of soil Is 
subjected to a constant lateral pressure uniformly distributed around 
the cylindrical surface In a testing device shown in Figure 10. An 
axial load is applied to the sample until it fails. Although the 
applied loads, axial and lateral, are compressive in nature, the 
failure of the sathple actually is due to shear stresses acting on 
Internal surface. Based on such test results, the shearing strength of 
the soil can be determined from the applied loads at the point of 
failure. To interpret the results from a trlaxlal test, it is necessry 
to understand the stress-strain relationship that exists in a 
triaxlally confined soil sample. This relationship is discussed in 
many soil mechanics textbooks and will be presented in the following 
section for reference. 
Stress on a^ trlaxlal soil sample 
In a trlaxlal test, a cylindrical soil specimen is subjected to a 
confining pressure a, which equally applies stresses on all external 
h 
surfaces of the specimen. The axial stress is then either increased or 
decreased by applying or withdrawing load through the piston rod in the 
trlaxlal cell set-up, until the specimen falls. In the case of 
increasing axial stress, the trlaxlal test is a loading test. In the 
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case of decreasing axial stress, It Is an unloading test. Thus there 
are two general types of trlaxlal test based on the loading conditions 
of the test, trlaxlal compression or trlaxlal extension. In the 
compression test, the vertical applied stress ( ) on the soil 
specimen Is always larger than the horizontal stress ( ) while the 
reverse is true for the extension test. In both types of tests, zero 
shearing stresses are assumed on the sides and ends of the cylindrical 
specimen, such that the total axial stress, and the confining 
stress , are major and minor principal stress and , 
respectively. Figure 11 Illustrates the basic loading scheme of both 
of these trlaxlal tests. 
Evaluation of the soil strength characteristics 
In the theory of soil mechanics, a maximum value of soil strength 
may be expressed by the Mohr-Coulomb envelope, which describes the 
combination of stresses causing failure within a soil material. 
Generally, the failure stresses are selected as the peaks of the 
stress-strain diagrams from trlaxlal shear tests. Lambe and Whitman 
(15) state the physical meaning of the Mohr-Coulomb envelope as 
follows: 
If the Mohr circle for a state of stress lies entirely below the 
Mohr envelope of a soil, then the soil will be stable for that state of 
stress. 
If the Mohr circle is just tangent to the Mohr envelope, then the 
full strength of the soil has been reached on some plane through the 
soil. The condition Is shown by three Mohr circles in Figure 12. 
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It Is not possible to have within a soli a state-of-stress whose 
Mohr circle Intersects the Mohr envelope for that soil. Any attempt to 
Impose such a state of stress would result In unlimited strains, I.e., 
failure. 
The strength of a soil may be described on the basis of the 
Mohr-Coulomb envelope as: 
T = c + a^tanij) (4) 
where % is the shear stress at failure 
c is the cohesion Intercept of the Mohr-Coulomb diagram 
a Is the confining stress 
(j) Is the angle of the Mohr-Coulomb envelope 
As seen In Figure 12 the Mohr-Coulomb envelope Is tangent to the 
Mohr circles at failure conditions. Failure also may be represented as 
the tops of the Mohr circles at failure conditions. As seen in Figure 
13, the line formed by these points is described as the line. The 
tops of the Mohr circles at failure may be represented by a set of 
coordinates, p and q, where p » and q = . The 
2 2 
equation for failure becomes: 
= a + p^tana (5) 
where a is the Intercept of the abcissa of the p-q diagram 
ct Is the angle of the line 
qg and p^ are the coordinates for the tops of Mohr circles 
representing stress states of soil at the failure condition. 
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Stress path 
The various types of triaxlal tests under different loading 
conditions can be shown on a diagram as successive Mohr circles. For 
example, In the usual triaxlal test, . and are applied all 
around the soil sample. Later, Is gradually increased while the 
other stresses are held constant until the sample falls. The Mohr 
circles showing this loading are Indicated In Figure 14a. However, a 
diagram with many circles can become quite confusing, especially If the 
results of several tests are plotted on the same diagram. A more 
satisfactory arrangement is to plot a series of stress points, and to 
connect these points with a line or curve as shown In Figure 14b. Such 
a line or curve is called a stress path. Just as a Mohr circle or a 
stress point represents a state of stress, a stress path gives a 
continuous representation of successive states of stress. Figure 15a 
shows the example of the stress path for triaxlal test In compression 
and extension type of loading. Figure 15b Illustrates a variety of 
stress paths that may be encountered in the triaxlal soil samples. It 
may be noted that the direction of the stress path. Indicated by the 
arrow sign, is determined by the changes in the applied stresses in 
horizontal and vertical directions. 
Axisymmetric loading in triaxlal test 
With the normal form of triaxlal test (specimen failed by 
increasing axial stress while holding confining pressure constant), the 
intermediate principal stress (Og ) is equal to the minor principal 
stress (Og ), as shown in Figure 11. As also shown in the same figure. 
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Figure 14. Stress paths during a triaxial test (a) Mohr circle 
representation; (b) stress path representation 
46 
Vertical compression 
(Stress Path) 
K. line 
Vertical extension 
(Stress Path) 
Figure 15a. Stress paths for trlaxlal tests 
Stress Path 
La 
V 
= La, 
n 
= 0 
àa < 0 
>
 
= -Ao 
>0 
= 0 
= kLa_ 
Figure 15b. Examples of stress paths 
47 
a specimen can be failed In vertical extension loading, In which case 
. It may be noted that the Intermediate principal stress Is not 
separately considered In the results of trlaxlal tests as presented In 
preceding paragraphs. A common type of trlaxlal test In which 02 
varies is a plane-strain trlaxlal test, In which strain In the 02 
direction is held to zero (15). 
When dealing with the theoretical aspects of axisymmetric stress-
strain behavior in the usual trlaxlal test, it is convenient to use the 
deviator stress q= - p and the mean normal stress in the 
v h ^ ^—— 
compression loading condition, and q = a^_ a and ps^^'^h^v in the 
3 
extension loading condition. In the analysis of trlaxlal test results, 
the associated strain paramenters, volumetric strain (0 ) and distort 
strain ( ê ) are defined similarly to the stress parameters p and q. 
Equations for u and Ë expressed In terms of the principal strains of 
soil sample are showed In Figure 16. In the figure, only the stress 
and strain equations for extension loading condition are mentioned 
since these are used In the present study. 
Constitutive Models in Geotechnlcal Engineering 
Soil is not a linear elastic material. To better represent 
geotechnlcal problems, some forms of nonlinear relations between stress 
and strain In soil Is needed. In the last two decades, such 
investigations, development, and applications have been an Important 
area of research in geotechnlcal engineering, resulting in many 
different constitutive models. These models usually Involve complex 
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mathematical equations, and as a result, very few of them can be solved 
by empirical or analytical procedures. In most cases, numerical 
methods of data reduction are Incorporated with the constitutive 
models, and solutions are obtained by making use of high speed 
computers. 
Since It Is also our Intent to choose a suitable soil model from 
the literature to describe how the soil under Investigation responds to 
the blade penetration, a review of the constitutive laws used In 
different soil models Is Included. In view of the huge amount of 
Information available concerning this subject, only those studies that 
Involved the soil types used herein will be discussed. The conceptual 
yield envelope model based on the critical state concept falls into 
this category. 
Critical state concept 
If a soil or other granular material is continuously sheared to 
large strains, it will reach a state where indefinite yielding occurs 
without further changes in stress or volume. This state is referred to 
as the critical state (35). The critical state points of a soil under 
different initial conditions lie along a curve in p-q-u. space, where p 
and q are the parameters as previously defined, and u is the specific 
volume of a soil mass. The projection of this curve on the p-q space 
diagram is a straight line passing through the origin. On the u -p 
plane, it is a line parallel to the line corresponding to the one-
dimension or isotropic consolidation. The crltical-state-llne can then 
be represented by a pair of equations for the respective projections on 
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the q-p and u-p planes: 
q^ = MP^' (6a) 
and = r - XinPg (6b) 
where subscript f represents the stress at failure condition and stress 
parameter, p" Is the stress on effective stress basis. M Is dependent 
on the frlctlonal characteristics whereas r and \ are dependent on 
the volume change characteristics of the soil. 
Some terminologies In critical state concept 
Yield stress and yield locus (yield surface) In the theory of 
plasticity, a yield stress Is a stress point below which the test 
material remains elastic. A yield locus Is a curve or line that 
defines a region In stress space outside which any changes In stress 
would result In plastic strains. In the case of axlsymmetry loading 
condition, stress are expressed In terms of the p, q stress paramenter. 
The yield locus Is defined by the equation; 
P^' = P' (1 + (q/P')^/M^) (7) 
where P^' Is defined as the Intersection point of the yield locus with 
isotropic line. As mentioned previously, M is the value 
of the stress ratio q/p at failure and is related to , the 
friction angle of soils. 
Strain hardening The yield surface may change in size when 
plastic yielding occurs. If it increases, strain hardening occurs. If 
it decreases, strain softening will result. It is usually assumed that 
the shape of the yield surface remains the same as it hardens (or 
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softens). When the surface expands (or shrinks) about the origin, 
Isotropic hardening (or softening) occurs. 
Flow rule When a material Is subjected to change In stress, It 
undergoes a change In strain. This strain Increment can be broken Into 
two components, recoverable strain (elastic) and unrecoverable strain 
(plastic). Such material Is known as elastoplastlc material. The 
plastic strain increments or the plastic strain rates are related to 
the current stress state by a flow rule of the form 
= X0q (8) 
In which Is the vector of plastic strain rate components, Â is a 
parameter related to stress rate â If strain hardening (or 
softening) exists, and e Is the gradient vector to a scalar stress 
q 
function, Q(a), known as the plastic potential I.e., 
0q = ôQ/ôa 
In the case where Q is constant, it is an area in stress space which 
passes through the point representing the current state of stress. If 
the components of plastic strain rate (ê^P, g^ ^, g^ ) are also assigned 
to the stress component axes, (a^, a^), a vector normal to the 
surface Q has plastic strain rate components as its components (Figure 
17). If Q=F, where F is the stress function for a yield surface, the 
flow rule becomes associative and the concept of normality can be 
applied. In situation when Q does not equal F, the flow rule is non-
associative. 
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Figure 17. Flow rule in three-component space 
53 
Critical state model 
The critical state model Is an elastic-plastic model that follows a 
specific strain hardening law. The model describes a family of yield 
surfaces possibly of different shape. A critical state model with an 
elliptical yield surface Is Illustrated In Figure 18. The critical state 
line and the yield locus divides the diagram Into two parts. The 
supercritical part Is to the left while the subcritical part Is to the 
right. Stress states In the supercritical region represent unstable or 
failure conditions whereas those in the subcritical region are stable. 
Normally- and over-consolidated soils 
The definitions of the terms 'normally' and 'over-consolidated' 
used in the critical state model are different from those usually used 
in soil mechanics. Their definitions in the critical state model are 
as follows: 
A normally consolidated soil is one that Is in a state of yield 
# 
such that an Increase in stress gives rise to plastic strains. An 
over-consolidated soil Is one which will undergoes relative small, 
elastic strains when subjected to stress. 
Application of the critical state model 
Tavenas and Levoueil (39) developed a conceptual yield model based 
on the theoretical critical state model. They applied it to evaluate 
the behavior of natural clay soils in embankments and slopes. This 
model was further studied by Graham et al. (10). Their yield model was 
based on the behavior of undisturbed natural soft soil samples tested 
in their laboratory. 
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Similar to the critical state model, the yield model has a p-q 
diagram made up of the critical state line and the yield locus. The 
yield locus was renamed yield envelope (YE). In order to derive the 
yield model, drained trlaxlal tests are carried out on undisturbed soil 
samples to obtain the yield stress points. The samples are first 
reconsolidated to their in situ stress states and then loads are 
applied along various stress paths. The stress state at yielding for 
each stress path is defined as the transition from small-strain to 
large-strain response to loading. The locus of stress states causing 
yield is then defined as the yield envelope (YE). Shear and volumetric 
strain yield criteria are usually used for defining the yield stress 
state of soils since they are common to the traditional soil mechanics 
concepts and also the YE model thus allowing some Integration. 
The location of the YE in p-q stress space is determined by the 
maximum past stress state of the soil. Stress states in excess of the 
maximum past stress cause the sample to yield. This results in an 
enlarged YE made up of the new stress state. This maximum stress Is 
similar to the preconsolldatlon pressure p"^ determined by the 
one-dimensional consolidation test. Figure 19 shows the major features 
of the yield envelope model. 
Experimental versus theoretical yield envelope 
According to the critical state theory, the associated flow rule is 
used and may be derived from a work equation which generally expressed as 
p'ôv^ + qÔE^ = f(p'. M, ôv^, 5e^) (1^) 
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where denotes plastic volumetric strain Increment 
denotes plastic dlstortlonal strain Increment 
M denotes a constant related to the frlctlonal property of the 
soil 
Since the concept of normality is assumed to be applied In the 
ôiP 
theory, the ratio of the plastic strain Increment can be 
expressed In terms of the current state of stress. The magnitude of 
such strain Increments may be calculated by using known soil 
parameters. The normality condition may be evaluated graphically by 
plotting experimental values of the strain Increments ( , ggP ) 
following Initial yield In a p-q space and comparing the resulting 
vectors from ôv^ and to the experimental yield envelope (Figure 
20). Due to the anisotropic natural of solid, most soils appear not to 
conform precisely to the associated flow rule as discussed by Wong and 
Mitchell (46) and Graham et al. (10). Wong and Mitchell (46) suggested 
a plasticity model to relate the plastic strain Increment ratio and the 
current effective stress ratio (r) based on the flow rule determined by 
experimental data. In their models no assumptions were made regarding 
the normality condition. The procedure involved In deriving a yield 
envelope equation for the plasticity model are as follows: 
(1) Derivation of the experimental flow rules — This was 
achieved by making use of a special form of the work equation in the 
critical state model, which can be expressed as 
= p'ôv^ + qdeP = p(bM<SiP + cSv^) (11) 
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where ôw^ represents the energy dissipation by the components of 
plastic strain. The plastic strain parameters used in the equation may 
be obtained from a series of drained trlaxlal compression or extension 
tests following different stress paths that have constant stress 
Increment ratio (r). A relationship between the plastic strain ratio 
and the stress increment ratio can then be expressed as 
ôe^/6v^ = a/(bM-r) (12) 
where a and b are numerical constants. 
(2) Estimation of the plastic potential function — The plastic 
strain increment ratio is related to the current stress state as 
follows: 
6p'âv^ + ôqôe^ ) 0 (13) 
The normality condition holds if the equality sign in equation 13 is 
satisfied. On the other hand, when the inequality sign holds, equation 
13 can be written as: 
ôp'ôv^ + 6qôe^ = (14) 
where is a positive constant. In differential terms, equation 14 is 
written as 
ÔG^/Ôv^ + 6p'/Gq = C (15) 
where C is a positive quantity derived from C^. It is a measure of the 
difference in the slopes of the plastic potential function and the 
current yield locus at the stress point under consideration. In order 
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to satisfy the Inequality of equation 13, a positive value of C Is 
taken. Numerical values of C may be obtained by comparing the slope of 
the experimental yield curve at a stress point with the direction of 
strain Increment vector (ôv^ ,6eP ) at the same points. By writing 
5p'/ôq=-l/T, equation 15 becomes 
1/Y = -6p'/6q = 6SP/ôvP - C (16) 
ggP 
Since is function of stress increment ratio as Illustrated in the 
experimental flow rule (equation 12), the function of 'C may be 
expressed as 
1/V = a/(bM-r) - C (17) 
(3) Determination of theoretical yield envelope — By 
definition, 
q = rp' (18) 
Taking differentiation of Equation 18 with respect to p', Equation 18 
becomes 
ôq/ôp' = r + p'<Sr/<Sp' = -Y (19) 
and 
ôp'/p' + dr/(Y + r) = 0 (2°) 
The equation of the yield envelope is then the result of the 
integration of this differential equation. It may be expressed as 
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In(Pg') - In(pj^')+y^ ^6r/(\|j+r) = 0 (21) 
where and p^' are the effective stress parameter p" corresponding 
to stress ratio r^ and r^ respectively. By substituting the relation 
between and r for each soli depth as expressed In equation 17 
Into equation 21, the configuration of the theoretical Initial yield 
envelope Is calculated. 
Concept of yield envelope model 
According to the yield envelope model, the observed soil behavior 
(I.e., stress state and deformation response) due to loading Is related 
to the locations of the effective stress paths which a soil mass has 
experienced relative to the yield envelope. The effective stress paths 
(ESP) are determined by subtracting the porewater pressures from the 
total pressures measured at the test locations. The analytical 
procedure therefore Involves the following steps: (1) determination of 
total stress path associated with loading, (2) determination of 
effective stress path using computed or measured total stresses and 
measured pore water pressures, and (3) Interpretation of observed soil 
behavior from ESP and yield envelope model. Since this approach 
Involves ESP and YE of soil, It Is thus named as the ESP/YE approach. 
In the ESP/YE approach, the critical state line and the yield 
envelope divide the p-q diagram into four regions, A, B, C, and D 
(Figure 21). Zone A represents an effective stress state that lies 
below the critical state line and within the yield envelope. In this 
region, soil will deform with small strain and with relatively rapid 
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dissipation of excess pore water pressures. Zone 5 lies outside the YE 
and below the critical line. The soil there deforms under large strain 
and the rates of pore water pressure dissipation Is low. Zone C lies 
outside the YE and above the critical line. The soil here deforms with 
large strain and the prevailing YE no longer controls the soil 
behavior. Continued soil structure breakdown results In continued 
generation of pore water pressure after the loading while some 
dissipation of excess porewater pressure does occur. Therefore, the 
net effect is a negligible rate of porewater pressure dissipation and 
an increase in excess porewater pressure. Zone D lies within the YE 
but above the critical state line, so the soil is in a metastable 
condition. The applied load or Increase in porewater pressure may 
cause yield and results in strain softening with the effective stress 
path "tracking down" along the critical state line. 
Although the ESP/YE approach is based on approximate method and 
has not been developed in terms of a formal constitutive model, it can 
provide a rational framework for Interpreting observed soil behavior 
qualitatively. Consistent results obtained from different studies in 
the analysis of yielding and consolidation behavior of soft clays below 
embankments and in the analysis of slope stability suggest that the 
analytical procedures Involved in this approach are valid (10, 39). 
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INVESTIGATIVE STUDY 
Development of Electric Stepped Blade 
As previously pointed out, a major part of soil consolidation 
involves dissipation of the pore water pressure after an external load 
has compressed the soil skeleton and in effect squeezed the water. 
Therefore the electric blade was designed to monitor pore water 
pressures as well as total soil stress, and allow both to be evaluated 
with time. It may be noted that the effective stress, or part of the 
load actually carried by the soil skeleton, can be obtained by 
subtracting the two values at any particular time. 
Blade description 
The electric blade is constructed of a high strength stainless 
steel cut to the same shape as the first two steps of the pneumatic 
stepped blade. It is 381 mm (15 in.) long and 63.5 mm (2.5 In.) wide, 
with two steps, 3 mm (0.118 in.) and 4.5 mm (0.177 in.) thick. The 
first, thinner step is 127 mm (5 In.) long, while the second step is 
254 mm (10 in.) long to accommodate a clamping device. 
The top of the blade is equipped with a cylindrical housing 
measuring 73 mm (2.875 in.) In diameter by 208 mm (8 in.) long, the 
purpose of the housing being to protect the electrical wires and 
provide an AW drill rod connection. Attached to the top of the housing 
is an AW box-pin adaptor slotted lengthwise to allow for exit of the 
electrical wires. This brings the overall length of the blade to 711 
mm (28 in.). The cavities for the pressure cells and porous stone 
assembly, as well as the groove for the wiring, were machined into the 
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blade. Figure 22 shows detailed dimensions of the blade. 
Total stress transducer 
The pressure-sensing component of the electric blade is the total 
stress transducer. It must be sensitive enough to measure small 
changes in pressure, and also must be well-protected. The transducer 
used for total pressure measurement in this system is manufactured by 
Kulite Semiconductor Products, Inc., of Ridgefield, New Jersey, and is 
their "thin line" series (model number LQ-125-200SG, a silicon 
diaphragm transducer). This transducer has a rated pressure of 1380 
kPa (200psi) and a maximum pressure of 2760 kPa (400psi). Recommended 
excitation is 10 volts, with an operating temperature range of -18 to 
o o o 
121 C (0 to 250 F), and a compensated range of 21 to 66 C (80 to 
180°F). 
For waterproofing, a flat coat of Kulite RTV-511 was spread on the 
diaphragm. The original design of the transducer had a protective 
screen on the diaphragm surface; since the screen will not act as a 
bridge to transfer the load to the transducer walls, this will 
alleviate the sensitivity of the transducer, transducers without the 
screen were used. The sensing area of the transducer is only 1.9 mm 
(0.073 in.) in diameter, which is so small that it would create a 
problem by measuring stress concentrations. The two total stress 
transducers therefore were embedded in soft Devcon 80 rubber to gain 
pressure averaging and act as an additional seal. The Devon 80 rubber 
was found to be compatible with the materials of the transducer, and 
the degree of sensitivity still could be maintained due to the direct 
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contact between rubber coating and transducer. The rubber-Imbedded 
transducers were placed into the cavities machined Into the blade and-
covered with a Teflon diaphragm to minimize soil friction. The 
ransducers and the Teflon are held in place with a hold-down ring and 
with screws Into holes threaded in the blade. Figure 23 shows a sketch 
of the transducers in place in the electric blade. 
Pore water pressure sensor 
The measurement of pore water pressures presented a significant 
problem in installation due to the small dimensions of the blade. A 
pore pressure measurement system similar to that for the Borehole Shear 
Test (EST) was chosen and modified for Incorporation into the electric 
blade. The design is accomplished by mounting the Kullte brand pore 
pressure transducers in the manifold at the head of the blade with two 
hollow adaptors containing an opening for purging air from the system. 
Capillary tubes run from the bottom of the manifold through the side of 
the blade to two metal porous stone screwed flush with the face of the 
blade on both steps. Figure 24 is a schematic drawing of the pore 
pressure measuring system. 
The Kullte HKM-375-100SG series miniature piezoreslstive 
transducers have a rated pressure of 690 kPa (100 psl) and a maximum 
pressure of 1380 kPa (200 psl). The recommended excitation voltage and 
operating temperature range are the same as for the total-stress 
transducers. 
The pore pressure transducers were made of stainless steel with 
all-welded construction, which is supposed to allow the transducer to 
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Figure 23. Sketch of transducers in place in electric blade 
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be immersed in water or liquid compatible with the materials of the 
transducers. In order to avoid the infiltration of water into the 
electronics through the electrical connection, the upper portion of the 
transducers were coated with Fermatex RTV silicaone adhesive sealant 
and were then sealed with a two-layer plastic shrink tubing 
manufactured by Alpha Wire Corporation. 
Wiring 
The wires to all transducers had to be waterproofed and small 
enough to fit in the dimensions of the blade. A specific flat-wire 
cluster therefore was requested when ordering the transducers. Each 
wire is soldered to 40-foot long waterproofed 4-wire conducting cables 
that connect to the ground surface instrumentation. All electrical 
connections were sealed by using a two-layer plastic heat-shrink tube 
manufactured by the Alpha Wire Corporation. 
With the two total pressure transducers in place, the wires were 
twisted in such a way that they lay in the groove machined along the 
sides of the blade, extending to the head of the blade where the two 
pore pressure transducers were mounted. Permatex RTV silicone adhesive 
sealant was applied and filled in the groove to hold the wires in 
place. A hollow cylindrical housing was then slid over the blade to 
embrace the manifold for protecting the two pore pressure transducers 
and the electrical wires. 
Data acquisition unit 
After the blade is pushed into the desired depth of soil, the rate 
of pressure change of the soil usually is very rapid, so the data 
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recording unit must have the capability of rapid recording of data from 
all four transducers at small time Intervals. It also must have 
sufficient data storage capacity for the anticipated field use. A 
battery-operated Retriever Data Logger manufactured by Skye 
Instruments, England, was found to achieve these goals. The Retriever 
has a maximum memory capacity of 64 Kbytes, sufficient for over 32,000 
16-bit records. This provides storage capacity for data collected for 
about 2 hours at one second Intervals. Data can be gathered at rates 
varying between eight per second to one per hour. 
During field tests, transducers were connected to 12m (40 ft.) 
long cables that in turn were connected to four channels of the data 
logger. A built-in 12 bit analogue-digital converter processes the 
signals received for storage in the memory. 
Power for the logger is supplied by dry batteries. As these 
cannot provide enough excitation voltage for the transducers, a 
separate power supply system was designed for this purpose. Figure 25 
shows the schematic drawing of the power supply circuit. The power 
source is a 12 volt motorcycle battery. 
At the completion of each run, the collected data were off-loaded 
completely from the data logger to a portable computer through the 
built-in interface for parallel centronic data communication before 
resuming another run. The data were then stored in a microcomputer 
diskette and transferred to a software program for data reduction and 
analysis. 
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Facility for de-alrlng 
A critical part of any laboratory or field testing method which 
attempts to measure pore water pressure Is the de-alrlng of the unit. 
If there has been failure to remove all gas bubbles from the system, or 
If gas comes out of the fluid being used during testing, the accuracy 
of test results will be in doubt (5). In this research, the de-alrlng 
and flushing of the system are achieved through the screw holes in two 
hollow adaptors which allow the pore pressure transducers to be mounted 
on the top of the blade. To achieve better de-alrlng, the capillary 
tubes were cleansed with a degreaslng agent, and a wetting agent is 
used to obtain water-metal surfaces on which air bubbles are not easily 
formed. A syringe is placed in the screw hole for the insertion of 
distilled water, then removed. This process may be repeated until no 
air bubbles are seen emerging from the porous stone. The hole is then 
sealed off with a screw. The de-airing procedure must be performed 
before each test to ensure that the porous stone is free of embedded 
soil and no air is inside the capillary tube. 
Calibration 
Before the instrument Is field-tested. It is necessary to 
calibrate it, i.e., experimentally establish the relationship between 
applied pressure In psi and the output signal in volts. In this 
research, the calibration process consists of three parts, of which 
results may be used for comparison. 
The first part Involves the calibration of the pore pressure 
transducers only. This is done by screwing the transducer into a small 
74 
hollow chamber, applying reference pressures from a gas-source, and 
monitoring the corresponding readouts in volts from the data logger. 
The calibration data for both pore pressure transducers were found to 
follow a linear relationship of: 
Pg = 0.69 + 39.4 (pore pressure transducer #1) 
and Pg = 0.58 P^ + 38.3 (pore pressure transducer #2) 
where P^ = reading minus zero offset 
Pg = actual applied pressure, psi 
2 
It is noted that the coefficients of correlation "r " squared are 
0.9995 and 0.9999, respectively. 
The second part requires the use of special calibration blocks for 
the calibration. Since the area of total pressure sensor and that of 
pore pressure port are different, separate calibration units were 
built. Figure 26 shows a sketch of the calibration units. Both 
devices essentially consist of two pieces of milled aluminum. One 
piece was hollowed out as shown and equipped with a pressure fitting at 
the top and an 0-rlng seal at the bottom, while the other piece was 
solid. 
All four transducers were mounted onto the blade and the system 
was first de-aired as previously discussed and the initial readings 
were recorded. The calibration block was then fitted over the blade, 
centered over the desired pressure cell or pressure port, and then 
clamped with screws. The block must be tightly clamped to prevent gas 
leaks during pressurization. A reference pressure was applied and the 
blade cell pressure was measured in terms of voltage. This process was 
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repeated with different reference pressures. The calibration data for 
four transducers based on 10 psl increments were found to follow a 
linear relationship with the coefficient of correlation approximately 
equal to 1. 
A third step was to calibrate all four transducers at the same 
time by placing the blade with transducers Installed into a specially 
constructed steel pipe chamber. This method may simulate the field 
testing condition more closely than the previous two methods. The 
chamber is designed to sustain pressures up to 100 psl without 
significant leakage. Figure 27 shows a sketch of the calibration 
chamber. For safety, half of the chamber is filled up with water 
before it is pressurized. Similar to the calibration procedure for the 
first part, various reference pressures and their corresponding readout 
in voltage were recorded and plotted on a graph. Figures 28a to 28d 
show comparative calibration curves from the three methods. 
A simple way of describing how well data Interrelate linearly is 
by the r squared values. This value was calculated and reported in 
preceding paragraphs. Results Indicate that despite the small 
fluctuations at low pressure, the reference pressure is linearly 
related to the readout from the data logger. Since all calibration 
curves (Figure 28a to 28d) almost coincided with one another, it was 
concluded that pressures can be effectively transmitted from the face 
of the blade to both total and pore pressure transducers and that this 
measuring system is adequate for field testing trials. 
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Field Investigation 
Site description 
Preliminary testing was done at an alluvial floodplaln test site 
north of the Spangler Geotechnical Laboratory of Iowa State University. 
According to the Soil Survey of Story County, Iowa (36), the soil 
belongs to the Coland Series and is derived from loamy alluvium. These 
soils occur at the edges of floodplaln areas with slopes ranging from 0 
to 2 percent. The Coland soil is poorly drained and moderately 
permeable and has a high water table. The surface layers contain 5 to 
7 percent organic matter, and lower depths contain expansive clays that 
possess a high shrlnk-swell potential. This site was also the site 
where the pneumatic stepped blade and other field testing 
instruments had been field-tested, and presented problems in data 
interpretation (11, 28). Laboratory test results on the soil in this 
area were also well documented. In this way, the newly collected data 
could be compared to those generated previously. 
Tes ting program 
The original plan for the field investigation was to collect 75 mm 
(3-in.) diameter Shelby tube samples and field test the electric blade 
from 0.6 to 3.7 m (2 to 12 ft.) depth, where the pneumatic Stepped 
Blade previously had been field-tested. It was found that the upper 
0.9 m (3-ft.) of soil was very soft, so no Shelby tube sample could be 
recovered in the initial phase of field study. Sampling thus was 
limited to soil depths from 1.2 m (4 ft.) to approximately 3.0 m (10 
ft.), below which sandy and gravelly strata were present. 
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Four soil profiles were tested using the electric blade. These 
tests also were limited to soil depths from 1.2 to 2.4 m (4 to 9 ft.) 
due to the presence of gravel and hard soil at greater depths. The 
blade was slightly bent during penetration because of this. 
Electric Kg Stepped Blade test 
It Is practical to have the blade fully assembled before arriving 
at the test site. Before the blade testing, a drill rig is set up at 
the test location and a borehole of at least 75 mm (3 in.) in diameter 
is predrilled to the desired depth. The pore pressure measurement 
system Is then de-aired according to the procedure mentioned in the 
previous section. The blade is connected to the drill rod with the 
split AW rod adaptor and lowered to the bottom of the hole. Initial 
readings for the four transducers are recorded before the blade is 
hydraullcally pushed into the soil for 0.3 m (1 ft.) slowly. The rate 
of 0.4 m (14.4 in.) per minute was being used. This allows only the 
steps of the blade to penetrate into the soil, and not the lower part 
of the cylindrical housing, which would affect the soil pressures. 
Pressure readings are taken automatically every 10 seconds until the 
induced excess pressure is completely dissipated. After completion of 
a test run, the collected data are transferred from the data logger and 
stored In a microcomputer diskette before resuming another run. 
Transducer malfunctions 
Before testing, all non-waterproofed electronics portions of the 
transducers that might come into direct contact with water were 
protected by a coat of Permatex RTV silicon adhesive sealant, and all 
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electrical connections were sealed by heat-shrink plastic tubing, as 
discussed In the previous sections. Nevertheless, the transducers 
still stopped functioning properly due to moisture penetration part-way 
through the tests. Engineers from the Rullte Company then stated that 
the transducers are not built to endure moist environments for 
prolonged periods of time. If a small amount of moisture is trapped. 
It can be removed by drying the transducers In an oven overnight. It 
was therefore decided to use the blade no more than one hour at a time, 
with a drying period between runs. Neverertheless, over the testing 
period three transducers failed, some during actual runs. As a result, 
only six sets of data out of twelve tests were usable. This Is a 
serious problem that If not solved will Inhibit or prevent future 
practical use of the electric blade. 
Results and discussion 
Pressure dissipation during and after blade penetration During 
the blade Insertion, pressure was built up since the soil was 
compressed laterally. Because the loading was done quickly, stress 
relaxation and water dissipation mainly occurred after penetration 
stopped. Usually, the penetration process took about 40-50 seconds. 
At the end of penetration, the consolidation phenomenon prevailed as 
water pressure dissipated towards the hydrostatic condition. The rate 
of such dissipation Is highly dependent upon the permeability, texture, 
and stress state of the surrounding soli. Figures 29 to 34 are the 
plots of pressure versus time from these tests. The actual blade data 
were tabulated In Appendix A. From the pressure dissipation data. 
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Figure 29a. Pressure data versus time at 4-ft depth 
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Figure 32a. Pressure data versus time at 6-ft depth 
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Figure 33a. Pressure data versus time at 8-ft depth 
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8-ft depth 
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Figure 34a. Pressure data versus time at 8-ft depth 
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certain observations were made: 
(a) There was no well-defined pattern of pressure changes during 
blade Insertion, usually Indicated by the first five data points In 
each figure. 
(b) In some cases, there was a time lapse between when the 
maximum total pressure was achieved and when the maximum water pressure 
was achieved In each step of the blade. Possibly this was caused by 
the fact that the pore pressure transducers were not In direct contact 
with the soil, the pressure being transmitted to them through the water 
In the capillary tubes. 
(c) Two types of pore pressure change after the penetration were 
observed: 
(1) Measured pore pressure on the first step started to 
decrease Immediately, while pore pressure on the 
second step Increased for few minutes before It 
started to decrease. 
(2) Measured pore pressure on both steps started to 
Increase for few minutes after which they both 
decreased. 
(d) In most cases, the total pressures achieved on the two steps 
are different from each other by a small amount. This suggests that 
the Induced pressures are not greatly affected by the Increment of 
thickness between the two steps of the blade. 
(e) In most cases within the 1-hour testing period, less than 
10% of the excess water pressure had dissipated, and only In one case 
99 
did about 30% of the excess water pressure dissipate. 
Comparison between pneumatic and electric blade test data 
Although the two tests were run almost a year apart, it was assumed 
that conditions encountered within the soil were similar. In order to 
compare data from both pneumatic and electric stepped blade tests, the 
lateral stresses for the electric stepped blade were the measurements 
made in the first minute after completion of penetration. This should 
be equivalent to the time when the lateral stress measurements were 
taken during the testing of the pneumatic blade. The extrapolated 
lateral stresses from both tests are shown in Figure 35. Extrapolated 
total lateral stresses obtained from both tests are similar at the same 
soil depths, both Increasing with depth from 4-ft to 9-ft. The 
corresponding and b values are shown in Figures 36 and 37 
respectively. values from both types of blade data are comparable 
except those at 6-ft depth, where electric blade data give lower Kq 
values. Since extrapolated lateral stress at 6-ft depth from both 
tests are similar and Kq is defined as the ratio of lateral stress to 
vertical stress of soil, the low values are the result of higher 
vertical stress used for electric blade data reduction (6.26 psf) in 
comparison with that for pneumatic blade data (4.0 psf). By 
definition, vertical stress of soil is due to soil's total weight above 
the point of consideration minus the hydrostatic pore water pressure at 
the same point if soil is below water table. Since higher unit weight 
of soil at 4-ft and 6-ft depth were determined from laboratory tests in 
our study and lower water table existed during the electric blade 
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testing at 6-ft, lower vertical stress of soil resulted, which in turn 
gives lower values. The values obtained from electric blade data 
ranges from 4,37 at a depth of 4-ft to 8.56 at 9-ft. Those that based 
on pneumatic blade data ranges from 3 to greater than 10 for the same 
depth Interval. Compared to the distribution of lateral stress and 
values, the b value distribution within soil depth is rather 
inconsistent. The value of b between 4-ft and 9-ft depths from both 
-1 
blade tests, seems to cluster around 0.02 to 0.1 mm in both sets of 
test results. 
It is difficult to comment on the performance of the electric 
stepped blade since only 6 sets of data were collected using it. 
However, when comparing the lateral stresses obtained from the electric 
blade to those of the pneumatic blade, it was found that they were 
comparable and similar scattering of the data points were observed from 
both data sets. Therefore, this suggests that at least the electric 
blade is capable of reproducing the data collected by the pneumatic 
blade in the same test site. 
The extrapolated lateral stress, associated ^  value and the ^  
value after correction for excess pore pressure To arrive at 
accurate values, both the horizontal and vertical stresses must be 
corrected to effective stresses by subtracting the pore water pressure. 
RQ values for both the electric and pneumatic blades in Figure 36 were 
calculated by subtracting the hydrostatic water table pressure from 
each extrapolated lateral stress. values recalculated from the 
electric blade effective stresses were superimposed on those plotted in 
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Figure 36 and replotted In Figure 38. Similarly, the extrapolated 
lateral stresses and the b values were also re-calculated taking excess 
pore pressure into consideration (Figure 39 and 40). The lateral 
stress and associated lateral stress ratio were much smaller than those 
derived from total stress data. Both of them were reduced by a factor 
of 1.7 to 2.7, with those at lower depth reduced most. This implies 
that large amounts of excess pore pressure were generated during blade 
penetration, especially at 6-ft and 8-ft depth, and that this pressure 
does not extrapolate out, which may be the cause for the previously 
cited difficulty with this soil. The b values are also reduced after 
taking excess pore pressure into consolidation, but unlike and 
lateral stress, the largest reduction in b occurs at 4-ft depth. As 
defined previously, b is the slope of the regression line of measured 
pressures on the blade steps. Therefore, the change in value of b from 
consideration of excess pore pressure suggests a direct influence by 
the amounts of excess pore pressure measured on the two blade steps. 
From careful inspection of Figures 29 to 34, it is noted that a minute 
after the penetration the excess pore pressure measured on second step 
was higher than that measured on first step by 6 to 8 psi in both blade 
tests at 4-ft, while such pressure differences in most tests at 6-ft 
and 8-ft was in the range of 2 to 4 psi. With such high difference in 
excess pore pressure in tests at 4-ft, the effective stress at the 
second step will be lowered by a relatively larger amount than that at 
first step, decreasing the b value. Since the generated excess pore 
pressure is a large portion of the measured total pressure (more than 
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50%), without having a pore pressure sensing system the pneumatic 
stepped blade may overestimate the actual lateral stresses and 
values by a factor of 1.5 to 2.5 in this soil. This is one of the 
advantage of the electric blade over the pneumatic blade. 
High lateral stress and high ^  value The lateral stresses and 
the associated values of Figures 35 and 36 are unexpectedly high, 
based on both electric and pneumatic blade test data. There are two 
possible reasons for these results. One is associated with the 
characteristics of expansive soil, in which high compressive horizontal 
stress usually exists. The other is that pressure measured on the 
blade steps are limit pressures of the soil and they are not affected 
by the increment of thickness of blade step. The latter would cause 
low values for the slope of the blade data plot, and extrapolated 
lateral stresses and associated values that are too high. 
Expansive soil is characterized by its great sensitivity to 
changes in humidity. The soil contains clay minerals of the 
montmorillonite type that expand when wet and shrink when dried. 
Infiltration of loose soil into shrinkage cracks prevents their 
closing, resulting in high horizontal compressive stresses during the 
swelling process. This horizontal stress of soil quite often is 
greater than the associated vertical stress, giving a value greater 
than one in expansive soil. All lateral stresses measured in the 
present field site give RQ values larger than 1, that may be attributed 
to the presence of expansive clay soil. 
Atterberg limits tests indicate that the soil plasticity index is 
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generally high, ranging from 28 at 4-ft and 6-ft depths to around 30 at 
9-ft depth. This high plasticity Index also Indicates the presence of 
expansive clays In the soil profile. It Is significant to note that 
the large bulge In the plot of the pneumatic stepped blade KQ value 
corresponds to the Increase in the plasticity index of soil between 5-
ft and 9-ft depths, while the plasticity index and KQ values both 
reduce In soil below 9-ft depth. This Increase in values also can 
be observed from the electric blade data. This implies that sensors In 
both stepped blade are sensitive enough to measure these variations in 
the soil profile. 
A unique advantage of the stepped blade over a thicker soil probe 
is the reduced disturbance to the soil. Virtually every other 
penetration-type instrument, from the push-in pressuremeter and cone 
penetrometer, to the flat but thick Dilatometer, were shown to Induce 
plastic failure of soil during the penetration. The main reason for 
this may be due to the large shearing effect or remolding effect on 
soil around the Instrument. On the other hand, both elastic and 
plastic behavior were observed when soil was penetrated by pneumatic 
stepped blade (11, 28) and by the electric stepped blade in this study. 
A further discussion on the soil behavior due to the blade penetration 
and in relation to laboratory test results is presented in a later 
section. 
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Supplemental Investigations 
Laboratory tests 
Laboratory tests were performed on soil samples from the test site 
in an attempt to better understand properties of the soil. Some of the 
characteristics of soil at test location were well documented in the 
previous study (28), including soil classification, sieve analysis, 
Atterberg Limits tests and consolidation tests. But information on the 
stress-strain characteristics of soil from the test site was missing. 
Such information is vital to the development of a mathematical model 
for the field data. Therefore, triaxlal tests were performed on 
undisturbed soil samples from the test site so that their stress-strain 
characters could be known. 
Soil penetrated by the stepped blade is displaced or compressed 
laterally, as it is pushed to either side. As the compression 
displacement is horizontal, this phenomenon is similar to the loading 
pattern of the triaxlal extension test. In order to simulate the 
stress change conditions occurring in the field, drained triaxlal 
extension tests were performed. 
Slight modifications were necessary on standard triaxlal cells to 
carry out the triaxlal extension test. One end of the piston rod was 
threaded, to be screwed into an internally threaded top platen. The 
other end of the threaded piston rod was connected to a tension load 
cell by a steel cable. With such an arrangement, a load to counteract 
the cell pressure can be applied vertically on the top platen so that 
the horizontal pressure acting on the soil sample is greater than the 
Ill 
vertical pressure. Figure 10 (page 38) Is a sketch of a standard 
trlaxlal cell whereas Figure 41 shows the modified version used In the 
present studies. In addition to the trlaxlal extension test, standard 
undralned trlaxlal compression tests were performed on a few soil 
samples so that the cohesion and friction of the soil could be 
determined and compared with those derived from earlier Borehole Shear 
tests (28). 
Soil samples were obtained using 75 mm (3 In.) diameter thin-
walled Shelby tubes. In the field, the tubes were sealed with tape, 
plastic wrap or foil. Later, In the laboratory, the soil samples were 
extruded from the tubes, wrapped In plastic wrap, and stored In a 
humidity room until they were tested. 
At the beginning of a trlaxlal test, Shelby tube samples were cut 
Into 6-lnch length samples. A sample was carefully placed In the 
trlaxlal cell and the Initial stress conditions reinstated and 
maintained until volume changes were negligible. Initial horizontal 
stress conditions were those from the previous Dllatometer tests (3). 
After the consolidation process had completed, the shear phase of the 
trlaxlal extension test began. Each sample was tested to failure by 
applying a load vertically and horizontally while keeping the load 
ratio constant. During this shear phase, the axial load, volume change 
and axial strain were monitored. Specimens used In the trlaxlal 
compression test were consolidated to their preconsolldatlon pressure 
until negligible volume change occurred. The soil specimens were then 
sheared to failure. During compression tests, axial load, volume 
Tension load cell 
Steel cable 
a\\\ \ 
Threaded piston 
Digital 
strain 
indicator 
Threaded top platen 
Porous stone 
Soil specimen 
Figure 41. Sketch of modified triaxial cell 
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change, axial strain and pore pressure were monitored. 
Triaxlal compression test results 
Due to the high water-table and the softness of the soil, it was 
difficult to obtain good soil specimens for the triaxlal tests. Since 
the main purpose of the laboratory test was to simulate the stress path 
of the blade penetration, most of the recovered samples were used for 
the triaxlal extension test. As a result, only two triaxlal 
compression tests were performed for each soil depth. The peak p-q 
values were chosen from each test to establish the Kg line on an 
effective stress basis. The intercepts and the slopes from such Kg 
lines were converted to cohesion and friction angle of soil 
respectively. 
Table 1 is a summary of test data from the triaxlal compression 
tests from this study and the Borehole Shear test results from previous 
study (28). It is noted that the friction angles of soil obtained from 
both tests are almost the same at each soil depth except for the angle 
at 8-ft. The cohesion of soil at 4-ft derived from both tests also 
compare well with each other, while the cohesion from the triaxlal 
shear tests done on soil samples from 6-ft and 8-ft are much higher 
than from the Borehole Shear tests. The discrepancy in cohesion from 
both tests may relate to the different drainage conditions in the 
laboratory test and the field test. Nevertheless, results from both 
tests show the soil strength decreases from upper depth to lower depth. 
This implies that soil profile at the test site consists of soil having 
a larger strength in the upper level, and soft and weaker materials in 
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Table I. Summary of strength parameter of soil 
(j) Cohesion 
Depth (degree) (psl) 
(ft.) TCT* BST° TCT BST 
4 22.0 23.1 6.5 7.0 
6 23.2 23.3 4,4 0.6 
8 20.0 10.5 2.2 0.1 
®TCT : Trlaxial Compression Test. 
^BST : Borehole Shear Test. 
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the lower level. 
Triaxial extension test results 
The penetration of the blade into the soil changes its stress 
state, although perhaps less dramatically than to penetration by a 
cylinder or cone with its radial displacement pattern. The result will 
be to develop a highly complex stress path that may be difficult to 
define. In order to study the stress-strain behavior of soil due to 
the insertion of blade, many different effective stress paths were 
followed in drained triaxial extension tests. Small increments to the 
boundary stress conditions were applied, and volume change was allowed 
to stabilize between stress increments. The stress paths used for the 
extension test are illustrated in Figure 42. 
As the extension test progressed, prior to the failure of the soil 
specimens, necking would usually appear around the top. Such 
observations may imply that failure occurs near the end of the specimen 
in an extension test, which is different from a standard triaxial test 
since soil specimen tends to fail in the center. Soil.deformation and 
the vertical as well as the horizontal associated pressures were 
monitored throughout the test. Stress-strain curves obtained from 
these data were shown in Figure 43 to 48. The stress parameters p and 
q as well as the volumetric strain u and the distortional strain 2 
are derived from equations based on the theoretical aspects of 
axisymmetric stress-strain behavior as shown in Figure 16 (page 48). 
These stress-strain curves can be approximated by two straight line 
segments. Their yield points are defined by joining these two straight 
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Figure 48. Stress parameter (q) versus distort strain at 8-ft depth 
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lines segments. Normally, soils yielded at less than 1% axial strain, 
but large dlstortlonal and volumetric strains took place before failure 
set In. 
Based on the results of laboratory tests as summarized In Table 2, 
soils at the test site consist of high clay content ranging from 25.8% 
to 34% and have high plasticity Index ranging from 28.1% to 30.6%. 
These Indicate that the soils tend to be clayey and sensitive In 
nature. Some researchers had studied sensitive cemented clay and 
natural plastic soft clay (7, 10, 39), stress-strain behavior similar 
to those seen in this study were reported. Their observations together 
with those of this study suggest that the soft clays at the test site 
show a yield behavior upon loading. Such yielding behavior has been 
studied extensively, and many models for soil yielding had been 
developed. Some of the reasoning behind those models was used in 
development of the present model. 
Yield envelope model 
Experimental yield envelope From the trlaxial extension tests, 
yield curves established for each soil depth were examined. The yield 
points of the curves are obtained by joining the two approximate 
straight line segments of the experimental stress-strain curves (q 
versus ë and p" versus u ) as presented in Figure 43 - 48. In the 
same stress path, these experimental stress-strain curves had yield 
stress points that were almost identical. Average values of the yield 
stresses from both distortion strain curves (q versus e ) and 
volumetric strain curve (p' versus u ) were computed and tabulated in 
Table 2. - Summary of soil properties 
Unit Initial Percent 
Depth Soil weight void Plasticity ' 
(ft.) Classification (pcf) ratio, Index Clay Silt Sand Vert. Horl, 
4 oxidized, silty 125.6 0.714 28.1 34.0 59.4 6.6 0.16 0.16 
clay (CL) 
6 oxidized, silty 137.0 0.684 28.7 25.8 70.1 4.1 0.12 0.07 
clay loam (CL) 
8 oxidized, silty 129.0 0.862 30.6 32.9 64.3 2.8 0.14 0.17 
clay (CH) 
^Data in this table are those from previous study on the same site (28) except the unit weight 
of soil. 
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Table 3. These yield points are also graphically presented in Figure 
49 - 51. Since the yield points are defined by triaxial tests with 
different effective stress paths, it may be conceded that the position 
of this yield curve is a function of p" and q only and is independent 
of the imposed stress path. 
All three yield envelopes can be approximated by an elliptical 
shaped curve that is similar to the yield locus in the critical state 
model and yield envelope model. In order to determine if the critical 
state model or yield envelope model could be used for the field data 
analysis in this study, yield envelopes based on these two models were 
derived and compared with the experimental yield curve. Results of 
such comparison will be discussed in the following section. 
Theoretical yield envelope The normality condition assumed in 
the critical state concept was evaluated by plotting the experimentally 
obtained plastic strain increments in a p'-q space, and the resulting 
vectors were then compared to the experimental yield curve found in 
this study (Figure 52 to 54). Such comparison clearly shows that the 
normality condition from the critical state concept does not apply to 
the soft natural clay. This is supported by experimental findings on 
plastic clays reported by Graham et al. (10) and Wong and Mitchell 
(46). Their data also showed that the normality condition did not hold 
true for most types of plastic clay soils due to their anisotropic 
nature. It is then unlikely that a model for such soft clay soil can 
be developed from a pure theoretical approach as in the critical state 
model. The analytical formulation of a plasticity model suggested by 
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Table 3. Yield stress point from experimental curve 
Stress 
'ô'eïïîr^ âïiï^  1.2 0.9 0.75 0.55 0.4 0.25 
A 
1 
P 12.5 16.1 18.2 18.9 13.8 
q 12.3 11.4 10.2 8.4" 11.1 
A 
p 14.5 16.8 17.2 17.8 13.0 
0 
q 11.6 9.50 8.2 6.7 11.2 
8 
p 14.3 15.3 15.9 17.2 19.1 
q 12.2 11.5 — —  9.7 8.4 7.6 
20 YIELD ENVELOPE 
15"  
w 
^ 1 0  +  
5" 
0 
0 
Figure 49. 
4-
5 
-4-
10 15 
p, psi 
Yield envelope at 4-ft depth 
FEET 
yield point (triaxial test) 
-Yield envelope 
to 
20 25 30 
20 
15"  
co 
^ 1 0  + 
cf 
5" 
0 
YIELD ENVELOPE - 6 FEET 
O yield point (triaxial test) 
-Yield envelope 
10 15 20 25 30 
p, psi 
Figure 50. Yield envelope at 6-ft depth 
20 
YIELD ENVELOPE 
15"  
co 
Q. 
CT 
1 0 "  
5" 
0 
0 
Figure 51, 
+ + + 
5  1 0 , 1 5  
p, psi 
Yield envelope at 8-ft depth 
8 FEET 
O yield point (triaxial test) 
Yield envelope S 
20 25 3.0 
20 
15"  
(0 
^10 + 
cr 
5" 
0 
YIELD ENVELOPE - 4 FEET 
O yield point (trraxtal test) 
plastic strain Increment 
490 
10 
P» 
15 20 
psi 
Figure 52. Evaluation of normality condition at 4-ft depth 
LO 
o 
25 30 
20 
15"  
0) 
^10 
5" 
YIELD ENVELOPE - 6 FEET 
O yield point (triaxial test) 
5i|^—plastic strain increment 
6u 
0 
Figure 53. 
+ + + 
5 10 , 15 
p, psi 
Evaluation of normality condition at 6-ft depth 
20 25 30 
20 
15"  
(0 
^10 + 
cr 
5" 
0 
0 
YIELD ENVELOPE - 8 FEET 
10 
O yield point (triaxial test) 
—plastic strain Increment 
15 20 
p, psi 
Figure 54. Evaluation of normality condition at 8-ft depth 
25 30 
133 
Wong and Mitchell (46) addressed this problem. This model was based on 
an experimentally defined flow rule which relates the plastic strain 
Increment ratio to the current effective stress ratio (r). Their 
approach to develop a model for soil samples that do not adhere to the 
normality conditions will be adopted In this study. 
Flow rule The strain values from a series of stress 
constant (r) trlaxlal extension tests are shown In Figures 55 to 57. A 
linear relationship between the distortion and volumetric strains for 
each stress path is calculated by using a microcomputer statistical 
program. The relationship between the slope of the straight line (or 
the strain increment ratio) and the stress ratio (r) is shown in Figure 
58. The empirical expressions for these experimental results are as 
follows: 
6ËP/6vP = 0.438/(1.402 - r) for 4-ft (22) 
ôiP/ôvP = 0.631/(1.454 - r) for 6-ft (23) 
6ëP/5vP = 0.767/(1.63 - r) (^4) 
Plastic potential function In differential terms, the 
plastic potential function (equation 14, page 60) Is written as 
6e^/ôv^ + Sp/fiq = C ' 
where C is a positive value that varies with the stress increment 
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ratio. C Is also a measure of the difference in the slope of the 
plastic potential function and the current yield locus at the stress 
point under consideration. Numerical values of C may be obtained by 
comparing the slope of the experimental yield curve, at a number of 
points, with the direction of strain increment vector ( fiv , 6Ë) at the 
same points. For example, at 6-ft soil depth, the slope .ÉS_ of the 
yield curve at r = 0.55 in Figure 49 is 1.13 and the other term in 
equation 25 is 0.6283 . Therefore, the numerical value of C is the 
difference between that two terms which is 0.26 at r = 0.55. Numerical 
values of C at other point of the yield curve at different r are 
obtained in a similar fashion and they are tabulated in Table 4. By 
substituting dip'/6q=-i/^ , equation 25 becomes 
l/i|) = -6p'/6q = ôe^/ôq = ôe^/6v^ - C (26) 
Since is function of stress increment ratio as illustrated in the 
experimental flow rule, the function of ^ may be rewritten as 
lU = 0.438/(1.402-r) - C for 4-ft (27) 
1/^ = 0.631/(1.434-r) - C for 6-ft (28) 
1/^ = 0.767/(1.63-r) - C for 8-ft (29) 
where C varies with the stress increment ratio. 
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Table 4. C values 
Depth 
4 6 S 
1.2 0.50 0.19 0,95 
0.9 0.54 0.21 0.90 
0.75 0.44 
0.55 0.45 0.24 0.49 
0.4 0.48 0.26 0.40 
0.25 0.29 0.34 
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Equation of yield envelope The equation for the yield 
envelope can be expressed as following: 
ôp'/p' + 6r/(i|<+r) = 0 (30) 
The yield envelope Is then the result of the Integration of this 
differential equation. It may be expressed as 
where p^" and Pg' are the effective stress parameters corresponding to 
stress ratios r^ and rg respectively. By substituting the relation 
between ^ and r for each soil depth as expressed in equation 27 to 
29 into equation 31, the configuration of the theoretical initial yield 
envelope can be calculated. Details of the solution to equation 31 and 
the required input parameters for finding the predicted stress 
parameter in the yield envelope are illustrated in Appendix B. The 
stress points of the experimental and predicted yield envelope are 
shown graphically in Figures 59 - 61. The presented data show good 
agreement among them. Such agreement suggests that the proposed 
plasticity model gives a satisfactory prediction of the shape of the 
initial yield envelope over a wide range of r stress ratio values. 
This may imply that the concept of the critical state model and the 
yield envelope model describe the yield behavior of this soft natural 
clay soil well, and that they can be used satisfactorily for the field 
data analysis. 
ôr/(ip+r) = 0 (31) 
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Application of yield envelope model 
In order to utilize the yield envelope model for Interpreting the 
blade data, the effective stress path of soil after blade penetration 
and Its position relative to the yield envelope have to be known. Such 
approach Is known as the ESP/YE analysis. The effective stress paths 
(ESP) are determined by subtracting the pore water pressures from the 
total pressures measured at the test locations. The vertical stress of 
the soil Is assumed to be constant before and after the blade 
penetration. It also Is assumed that the penetration process Induces 
an axisymmetrical loading situation where principal stresses do not 
allow rotate. With the equations for stress parameter p, q as shown in 
Figure 16 (page 48), the value of p and q associated with the 
measured stresses are determined. The yield envelope is formed by 
plotting the stress states of the yield point obtained from the results 
of triaxlal extension tests following various stress paths (Figure 59 -
61). The slope of the critical state line, M, Is defined as 
M = 6sin(j)'/(3 + sin#') (32) 
The first point of the stress path is determined from the measured 
stresses when the penetration stopped while the end point is from the 
measured stresses at the end of each test. Figures 62 to 64 show the 
relative location of the effective stress paths determined from the 
measured pressures relative to the yield envelope. The soil behavior 
due to penetration (i.e., stress state and deformation response) is 
related to the locations of these effective stress paths relative to 
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the yield envelope. 
Results and discussion 
By observing the effective stress path position relative to the 
yield envelope, It was found that the location of the first point of 
the effective stress path determined the pore water dissipation 
behavior after the blade penetration which typifies the effects of 
penetration on soil. They can be summarized as follows: 
(a) Effective stress state below critical state line and within 
the yield envelope In Test 8-6 (Figure 63), the effective stress 
state of soil around the first step of blade falls within the yield 
envelope and below the critical state line Immediately after the 
penetration. In a period of 45 minutes, a dissipation rate of 30% of 
the Induced excess pore pressure was recorded. Such high dissipation 
rate prior to yielding of soil Is typical of overconsolldated soil 
described In the yield envelope model. According to this model, the 
soil around the first step of the blade remains elastic upon 
penetration of the blade. 
(b) Effective stress state above critical state line In all 
the tests with the exception of Test 8-6, the effective stress state of 
soil lies above the critical state line. This shows that excess pore 
pressure continued to Increase over Its Initial value and the effective 
pressure decreased at the early moments after penetration had stopped. 
As described In the yield envelope model, effective stress state of 
soil above critical state line Is associated with the plastic yielding 
and strain softening effect as continual generation of pore water 
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pressure from the breakdown of soil structures occurs. The increase in 
excess pore pressure shown in blade measurement then indicates that the 
soil had been critically stressed to failure due to the penetration of 
the blade. 
Results of the previous study (28) performed at the same site 
using the Iowa Stepped Blade indicate that the blade-determined 
stresses in the soils may be overestimated by a factor of two. The 
occurrence of such high pressure in soil was discussed by Handy et al. 
(11). They commented that even though the soil contains high amount of 
expansive clay which can cause high horizontal stresses in soils, the 
extrapolated pressures based on the blade data were still too high 
in comparison to the maximum pressure that the soil can tolerate 
without failure (K^). Such maximum pressure was calculated based on 
the measured shear strength of the soil from Borehole Shear test 
(Figure 65). It should be noted that the extrapolated pressures are 
expressed on the basis of total stress which includes substantial pore 
water pressure Induced by the blade penetration process. Similar 
comparison is also made between the extrapolated Eg pressure based on 
electric blade data with reduction of excess pore pressure and the 
maximum pressure based on the measured shear strength of soil from 
Triaxlal Compression test and Borehole Shear test (Table 5). Results 
show that the In-situ lateral stress of soil at 4-ft (P^) estimated by 
the extrapolation method is either below or at the maximum lateral 
stress of soil (Pp) while those at 6-ft and 8-ft, in most cases, are 
larger than the P^ by 3 to 5 psi. Such differences in pressure are 
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Table 5. Comparison between extrapolated K pressure (P ) and 
maximum pressure of soil (P ) ° ° 
Measured Effective 
Depth P ^ Test Prensure (psl) 
(ft.) (psl) No. 1st step 2nd step (psl) 
Test 1-4 14.7 18.3 9.5 
4 15.9 
Test 3-4 17.3 18.8 14.6 
Test 4-6 19.4 20.1 18.1 
6 15.8 
Test 8-6 14.3 16.8 10.4 
Test 9-8 20.8 21.2 18.1 
8 13.0 
Test 10-8 19.8 21.8 16.3 
' = 2.84 psi, 3.88 psi and 4.8 psi for 4-ft, 6-ft and 8-ft 
respectively, calculated based on (p and c from TCT (Table 1). 
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relatively small In comparlsoa to the large variation of lateral stress 
usually encountered in engineering practice (33). Therefore, the PQ 
and Pp at 6-ft and 8-ft are assumed to be the same during the following 
discussion. The in-sltu lateral stresses of soil <P^) obtained from 
this test show that soils, especially below 5-ft, have Innately high 
lateral stresses and such stresses are the limit pressure determined by 
the shear test data. Such high in-sltu lateral soil pressures may be 
an indication that the type of soil being tested may be expansive In 
nature. It may have gone through the swelling process and caused the 
compressive stress to reach the limit pressure of the soil. The 
penetration process subjected the soil to more shearing forces and 
caused the already high stress state to exceed the limit pressure of 
the soil. As a result, strain-softening occurred. Such Interpretation 
of the data was also supported by the results drawn from the ESP/YE 
analysis of the blade data presented earlier. 
One other objective of the present study was to make use of the 
pressure dissipation data from electric blade to estimate the 
coefficient of horizontal consolidation of soil. Since the soils in 
the test site were so weak that in most cases, plastic behavior 
prevailed over consolidation during the testing period, the procedure 
for estimating the coefficient of consolidation not only involves the 
consolidation theory but also the theory behind the plasticity model 
derived for the soil earlier. 
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Consolldatoa Analysis 
Laboratory consolidation tests and field test instruments, notably 
the plezocone, have been used to estimate horizontal coefficient of 
consolidation, C^, to describe the rate of primary consolidation. 
However, no analytical solution exists for determining from flat 
plate probe dissipation tests. One objective of this research is to 
investigate the consolidation phenomenon of soil after the insertion of 
the blade, so that the consolidation parameter for predicting soil 
settlement can be evaluated in a much quicker and more accurate 
fashion. The original intent of this study was to also do field 
testings at some sites where foundation settlement and behavior of pile 
foundations have been monitored so that the data might be compared with 
the predicted settlement deduced from the blade tests. Unfortunately, 
the short life span of the transducers prevented this. Nevertheless, 
the available pressure dissipation data do allow a coefficient of 
consolidation, C^, to be estimated by applying theory Involved in 
stepped blade, yield envelope model and soil consolidation. 
In consolidation theory, may be expressed in the form 
- T H^/ t (33) 
where T = time factor, depending on the initial and final excess pore 
pressure distributions within the consolidating layer 
H = thickness of the consolidating layer 
t " time of pore pressure dissipation 
In order to minimize the effects of error in the assumed Initial pore 
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pressure distribution within H, the value of suggested by Bromwell 
and Lambe (6) was used in this study. The equation for the is 
S " ^"^2 • Ti)H^/(t2 - tp (34) 
where and are the time factors at time t^ and t^ respectively. 
In the application of equation 33 and 34, a uniform initial excess pore 
pressure throughout the consolidating soil layer is assumed. The value 
of time factor T based on this assumption with respect to the degree of 
dissipation of excess pore pressure has already been derived and 
reported in the literature (37). Therefore, the only unknown for 
estimating the value of based on blade data Is the consolidating 
layer thickness H. 
Thickness of consolidating soil layer 
Extensive laboratory studies had been performed on the Iowa KQ 
Stepped Blade, and results Indicated that there often is an exponential 
relationship between the blade thickness and pressure (12). With this 
relationship and elastic theory, the thickness of the consolidating 
layer H in one-dimension consolidation can be expressed as 
H = m/2b (35) 
where b is the slope of a straight-line exponential relationship 
between the total settlement, in this case the blade thickness, and the 
pressure, while m Is a modulus proportionality constant of the equation 
for compressive tangent modulus derived by Janbu (14). He also showed 
that m relates to the compression index by 
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m = (1 + e )2.3/C <36) 
o c 
In the theory of one-dimensional consolidation, the compression 
index of soil Cg is a function of the initial void ratio of the 
soil, gg, the average applied pressure, and the coefficient of 
volume change of the soil, m^, where the coefficient of volume change 
is defined as the ratio of change of strain of soil ( Ar.^ ) and the 
associated change of soil pressure ( Ao^ ) (15); 
C = (1 + e )„ m / 0.435 (37) 
c o °avg V 
Therefore, combining equation 36 and 37, m may be rewritten as 
m = I/o m (38) 
avg V 
In order to find the value of m, the coefficient of volume change, m^, 
(m^sAc^/AOj^) or the horizontal deformation of soil must be determined. 
In the situation where blade insertion occurs, the horizontal 
deformation of soil may be estimated from the stress-volumetric strain 
relation, the flow rule and the yield locus of the plastic model since 
the model had been shown capable of describing the soil's response to 
blade. 
In the one-dimensional consolidation, the volumetric strain 
increment of a soil mass Is defined as: 
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6v = 6e/(l+e^) = 0.435C^/(l+e^)j(6p^'/pQ')} (^9) 
where e^ Is the Initial void ratio, <Se is the change of void ratio 
associated with change of effective pressure, "Sp^' and P^' Is the 
Initial effective pressure. The equation of the yield envelope 
(equation 20, page 61) can be expressed In a differential form by 
treating as a variable parameter. 
ôp'/p' - gp^'/p^ + 6r/(^ + r) = 0 (40) 
Based on equation 39 and 40 
ÔV = 0.435C^/(l+e^)|(6p'/p* + Gr/(^ + r))j 
Similarly, the dlstortlonal strain Increment can be expressed as 
(by equation 16, page 61) 
6e = 0.435C^/(l+e^)](ôp'/p' + 6r/(* + r))(l/V + C)j (42) 
When a stress increment (gp', gr) Is applied to a soil element at an 
Initial state (e^, p', r), the strain Increment ( Sv, 6Ë ) can thus be 
computed. In the case of axlsymmetrlcal extension Iqadlng, the 
horizontal strain Is defined as 
= ( Ê + 2u/3)0.5 (43) 
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Thus, the horizontal strain of soil due to the blade penetration Is 
estimated by substituting gu and Se from equations 41 and 42 
respectively Into equation 43. It Is noted that the above-mentioned 
procedure for estimating the horizontal strain of soil applies only for 
situations where plastic failure of soil occurred after the blade 
penetration, I.e., In all cases In the present Investigation except 
Test 8-6. 
In Test 8-6, the pressures recorded on the first blade step 
Indicated that the soil remained elastic even after the penetration. 
Therefore, this horizontal strain should be estimated using the elastic 
theory In which the elastic modulus Is defined as the ratio of devlator 
stress ( ) to horizontal strain ( e^) (15). Based on the 
trlaxlal extension test results for different stress paths, calculated 
values of E ranged from 284 psl to 474 psl. Average E values were used 
for the calculation of horizontal strain of soil. Once the horizontal 
strain Is determined, the value of m Is obtained by equation 38. The 
thickness of the consolidated soil layer resulted from blade Insertion 
may then be calculated by equation 35, and the coefficient of 
consolidation could be found from equation 34. Details of this 
calculation will be shown In the following paragraph. 
In applying equations 35 to 36 for the estimation of horizontal 
deformation of soil away from the surface of the blade, the parameters 
In the equations are defined by the following soil parameters. 
(1) and e^ usually are obtained from the laboratory tests, 
the results of the tests are listed in Table 2. 
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(II) Stress parameter p" Is the Initial stress value used In 
the trlaxlal extension tests. 
(III) By assuming that the measured horizontal stresses from 
the blade tests are the stresses the soil samples might experience 
during the laboratory testing, the stress increment Is the difference 
between the blade measured stresses and the Initial stresses as 
mentioned In (11). It Is noted that the blade measured stresses are 
the horizontal pressures at the time when the penetration stopped. 
(Iv) The Initial stress ratio (r) and the stress Increment 
(Sr ) are calculated according to equation 18 (page 61). 
(v) The slope function ^ varies according to the soil 
depth, the associated relation are the equations 27 to 29 (page 139). 
(vl) By following the step (1) to (Iv), the horizontal strain 
of soil ( ) due to the blade Insertion may be estimated based on 
the experimental data and the theory of plasticity model. 
In order to apply equation 35 and the estimated for 
determining H, It Is assumed that the horizontal strain calculated as 
above Is the actual deformation the soil will experience under field 
conditions when the blade Is pushed Into the ground. Thus, the 
stresses used In equation 38 for determining the value of m will be the 
blade-measured stresses. This assumption seems logical because H is a 
function of m and b, where b Is related to blade measured stresses and 
is defined as the slope of a straight line exponential relationship 
between the blade thickness and measured pressure. Therefore, to be 
consistent, it is required to relate the value of m to the field-
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measured pressures. 
With the horizontal strain, the value of m is then determined by 
substituting the measured horizontal stresses at the time when the 
penetration stopped into equation 38. The average soil pressure (o^^g) 
in the equation will be the average value of the such pressure on one 
blade step and the extrapolated lateral soil pressure (in situ lateral 
stress), while the change of soil pressure ( Acr^ ) is the difference of 
these two pressures. 
Since the stresses at the point of termination of blade penetration 
are chosen for the calculation of m, the corresponding b value is applied 
to equation 35. Detail of the calculation for value of H and a 
representative example for the input parameter are shown in Appendix C. 
Coefficient of horizontal consolidation of soil 
With the value of H, the coefficient of consolidation is 
determined by equation 34. The time tj^ in the equation corresponds to 
the time when the maximum excess pore pressure is recorded, and t2 is 
the time at the end of testing. The percent of excess pore pressure 
dissipated is calculated based on the maximum excess pore pressure 
recorded by the blade and the time factors T^ and Tg which correspond 
to the calculated percents dissipation of excess pore pressure. Since 
only a small amount of the excess pore pressure was dissipated during 
the testing period, the error of will be insignificant even though 
T]^ is assumed to be zero for ease of calculation. It is noted that the 
initial pore pressure distribution within H is assumed to be uniform 
for using equations 33 and 34. Thus, either one of the equations may 
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be used for calculating the value of C^. Table 6 summarizes the 
estimation of the calculated horizontal consolidating layer H and the 
associated horizontal coefficient of consolidation C^. 
With the estimated C^, the coefficient of permeability of soil In 
the horizontal direction, may be determined by the relationship 
between and k^, which can be expressed as 
\ • Ww 
By substituting the previously determined value of m^ and Into 
equation 44, of soil next to each blade step can be estimated as 
shown In Table 7. 
Coefficient of vertical consolidation of soil In engineering 
practice, more people want to know the coefficient of vertical 
consolidation of soil, C^, than C^, since vertical settlement of a 
structural building due to soil consolidation usually is determined. 
The method commonly used for the estimation of is either by 
performing laboratory oedometer test on vertically trimmed, undisturbed 
samples or by measuring the coefficient of permeability of soil in the 
vertical direction (k^) in the field or in the laboratory and relating 
the k^ to the by the expression, 
C = k /m 'Y (45) V V V w 
where m^' is the coefficient of volume change of soil in the vertical 
direction. During field testing, sometimes kj^ rather than k^ is 
measured due to the ease of installing the measuring sensor in vertical 
direction, k^ is then assumed to be either the same or a predetermined 
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Table 6. Estimation of H and using blade data 
H 
Depth Test (in). (sq.ft./yr.) 
(ft.) No. 1st step 2nd step 1st step 2nd step 
Test 1-4 1.74 1.90 1.51 (0.78)* 1.57 (0.68) 
4 
Test 3-4 1.41 1.91 1.45 (1.14) 1.73 (0.78) 
Test 4-6 3.14 4.60 5.64 (0.89) 9.23 (0.68) 
6 
Test 8-6 6.72 6.03 255.0 (8.8) 20.55 (0.88) 
Test 9-8 1.90 2.55 1.81 (0.78) 2.37 (0.57) 
8 
Test 10-8 2.10 3.01 1.61 (0.57) 3.29 (0.57) 
The C, values in the parenthesis are determined using half of 
the width or the stepped blade for the thickness of consolidating 
soil layer. 
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fraction of the measured value (26). Such approach is used in the 
present study. The estimated from the based on blade data (Table 
7) is assumed to be the same as k^ for the rest of the discussion. The 
In equation 45 is determined by using equation 37 (page 155) based 
on the theory of one-dimensional consolidation and the theory of 
elasticity in which Increment of vertical effective stress is assumed 
to be small due to the blade penetration. Thus, the in equation 
. 37 for a particular soil depth under consideration is equal to the 
overburden load ( ) at that soil depth. The values of for soil 
depths examined in this study are presented in Appendix A. Table 8 Is 
a summary of the estimated C^. 
Results and discussion 
Based on the estimated values of from all blade steps as shown 
in Table 6, it is found that value at all soil depths have the same 
order of magnitude except for the value at 6-ft Test 8-6. As mentioned 
earlier, in all tests except the Test 8-6, the measured stresses of 
soils after penetration of either step were so high that the plastic 
yielding or strain-softening behavior prevailed. This suggests that 
shearing effect dominated over consolidation effect in the early stages 
after penetration by the blade. As a result, permeability of soil 
around the blade decreased and pore pressure increased over the initial 
excess pore pressure during the early stage of dissipation behavior. 
Actual dissipation in those cases did not start until few minutes after 
penetration, as indicated by the decrease in pore pressure. Therefore, 
2 
lower values of ranging from 1.51 to 20.55 (ft /yr) are obtained 
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Table 7. Estimated coefficient of permeability in 
horizontal direction, k. 
Depth Test , / ^ (cm sec) X lo"® 
(ft.) No. 1st step 2nd step 
Test 1-4 4.21 3.54 
4 
Test 3-4 12.6 10.7 
Test 4-6 38.74 42.6 
6 
Test 8-6 306.5 18.94 
Test 9-8 0.19 1.19 
8 
Test 10-8 11.0 15.4 
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Table 8. Estimated coefficient of consolidation in vertical 
direction, C 
C 
Depth Test (sq.Yt./yr) 
(ft.) No. 1st step 2nd step 
Test 1-4 1.10 0.92 
Test 3-4 3.28 2.78 
Test 4-6 18.90 20.75 
Test 8-6 149.35 9.23 
Test 9-8 0.07 0.44 
8 
Test 10-8 4.00 5.61 
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2 
from most tests. In contrast, a higher value of (255 ft /yr) is 
estimated from the first step data of Test 8-6. This high may 
relate to the fact that the stress state of the soil after penetration 
is similar to that of an overconsolidated soil described in the yield 
envelope model, which is characterized by higher pressure dissipation 
rate. 
By observing the variation of C^, and with depth, it is 
found that they all increase with depth from 4-ft to 6-ft and decrease 
from 6-ft to 8-ft. The Cj^ at 4-ft and 8-ft depth are practically the 
same and both are smaller than those at 6-ft depth. The corresponding 
values of and also reveal the same trend. These results 
correspond to the variation of the soil profiles in which soil at 4-ft 
and 8-ft depth has a similar composition of clay, silt and sand and it 
has a higher clay content in comparison to the soil at 6-ft depth. 
From the fact that the soil at 6-ft depth has less clay content, it 
should be more permeable, as a result, higher values of C^, k^ and 
are expected. It Is noted that the magnitude of k^ generally is around 
—8 
10 cm/sec which is comparable to the range of coefficient of 
-7 
permeability for clayey soil ( < 10 cm/sec) as reported by Lambe and 
Whitman (15). Such low k^ values may provide further evidence on the 
combined effect of the high clay content in the soil and the shearing 
effect of the blade penetration. 
In order to compare the and values from blade data and 
laboratory one-dimensional consolidation tests, laboratory tests were 
perfomed on horizontally and vertically oriented samples. Results of 
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the laboratory consolidation tests are taken from the previous study in 
the same test site (28). The laboratory values to be used are the 
average values obtained for the corresponding blade-measured pressure 
increments as shown in Table 9 while the laboratory values are those 
corresponding to the overburden load (o^' ). The and from both field 
and laboratory tests are graphically presented in Figures 66 and 67 
respectively. The coefficients of consolidation usually are plotted on 
a semilogarithmic scale because of the large variations this 
coefficient has between laboratory and field tests. It is shown that 
the average estimated by blade test data is different from that by 
laboratory consolidation test by a factor less than 10 at both 4-ft and 
6-ft depth, and by a factor of about 15 at 8-ft depth (Table 10). In 
all cases, except for the Test 8-6, the field-estimated is smaller 
than that from laboratory test results. Similarly, the average 
based on blade data in most cases are smaller than that from laboratory 
test results by less than 15 fold except for the Test 1-4 which showed 
a difference of 56 fold (Table 11). 
The possible reason for the low value of and based on field 
results is that soils adjacent to the blade had been severely 
disturbed, thus the shearing effect dominated over consolidation effect 
in the early stage of consolidation process. As a result, the 
permeability of soil was largely decreased and pore pressure 
dissipation was slow. Therefore, the field-determined and their 
corresponding are lower. 
By considering all the errors involved in the laboratory test 
167 
Table 9. Average laboratory values 
Lab. C. 
(sq.ft./yr) Blade Data 
Depth Load C. Test In-sltu hor. let 2nd Average Lab. 
(ft.) (psl) (sq.ft/yr) No. Stress Step Step (sq.ft/yr) 
8.2 11.6 
11.1 7.7 
22.2 12.4 
Test 1-4 10.06 15.1 18.5 10.57 
Test 3-4 15.79 17.8 18.9 10.05 
7.9 133.7 
12.2 64.5 
24.3 60.3 
Test 4-6 18.55 19.70 20.30 62.40 
Test 8-6 10.27 14.20 16.70 86.17 
13.2 44.9 Test 9-8 19.02 21.2 22.7 34.85 
24.4 24.8 Test 10-8 19.61 21.3 22.2 34.85 
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Table 10. Comparison of C (lab) and C. (blade) 
h '' 
Depth 
(ft.) 
Test 
No. 
Blade 
C, (sq.ft/yr) 
1st 2nd 
Average Lab. Factor 
avg. lab. Cj^ 
Step ^ Average (sq.ft/yr) avg.blade C, 
Test 1-4 1.51 1.57 1.54 
Test 3-4 1.45 1.73 1.59 
10.57 
10.05 
6.86 
6.32 
Test 4-6 5.64 9.23 7.44 62.40 
Test 8-6 255.0 20.55 137.8 86.17 
8.39 
0.63 
Test 9-8 1.81 2.37 2.09 
Test 10-8 1.61 3.29 2.45 
34.85 
34.85 
16.67 
14.22 
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Table 11. Comparison of (lab) and (blade) 
Blade 
C (sq.ft/yr) Average Lab. Factor 
Depth Test 1st ^ 2nd C avg.lab. 
(ft.) _Ncu Average (sq.ft./yr) avg.blade 
Test 1-4 I.10 0.92 1.01 15.05 15.0 
4 
Test 3-4 3.28 2.78 3.03 15.05 5.0 
Test 4-6 18.9 20.75 19.83 20.52 1.03 
6 
Test 8-6 149.4 9.23 79.29 20.52 0.26 
Test 9-8 0.07 0.44 0.25 14.2 56.0 
8 
Test 10-8 4.00 5.61 4.81 14.2 3.0 
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procedure, the sampling process, and the procedure for the estimation 
of and from blade data, the difference between the laboratory and 
field value of both and (factor ranging from 1.0 to 16.0, In most 
cases) are considered to be acceptable when compared with the normal 
range of difference (factor ranging from 10 to 20) between the 
laboratory and field value of the coefficient of consolidation In 
engineering practice. (For example, a consolidation study by Boston 
Blue clay by Bromwell and Lambe (6) indicates that the laboratory 
coefficient of consolidation was different from the value back-figured 
from field date by a factor of 100.) 
With the limited pressure dissipation data in the present study, 
it is shown that the electric stepped blade is a potential device for 
studying the in situ consolidation behavior of soil. 
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SUMMARY 
The objectives of this study were: 1) to adopt the principle of 
the Iowa Stepped Blade for measuring lateral soil pressure, and to 
modify the design of the blade for measuring the total and pore water 
pressure with time; 2) to evaluate the soil behavior due to the blade 
penetration by using a soil model; 3) to estimate the consolidation 
parameters based on pressure dissipation data. Listed below are 
conclusions presented according to each objective. 
Design of Instrument 
(1) An electric Stepped Blade was developed based on the principle 
Involved In Its predecessor pneumatic version. One difference between 
these two Instruments Is that the electric blade has the capability to 
monitor the change of lateral soil pressure over brief Intervals of 
time. 
(2) The electric stepped blade was tested In the field site of soft 
alluvial expansive clays where the pneumatic stepped blade previously 
had been used. Results from comparison between lateral stresses and 
values from both pneumatic and electric blades show that the data are 
comparable and show similar variabilities among data sets. 
(3) The trends observed In soil pressure with time Indicate that the 
pressure measurement and de-alrlng systems are well designed. 
(4) The electric blade was shown to have major advantages over the 
pneumatic blade In that In addition to giving pressure-time 
relationships, It can measure both pore water and total pressures. 
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These are essential for predicting settlement of structures built in 
soft, fine-grained soils. 
(5) While the electric blade was successfully used for this research 
it suffers a weakness in design, namely a need to permanently 
waterproof the transducers. 
Data Analysis and Interpretation 
(1) Trlaxial extension loading tests following different stress paths 
were performed on undisturbed soil samples from the test site. Test 
results show that the soft clay soils are characterized by yielding 
behaviors at small strains. Based on an experimentally defined flow 
rule which relates the plastic strain increments to the stress 
Increment ratio, a plasticity theory related to the yield of soil was 
derived to describe the stress-strain behavior of the soft clay soils. 
The theoretical yield envelope was found to agree very well with the 
experimental yield curve defined from trlaxial test results. However, 
the theory is applicable only to axisymmetrlc conditions where the 
principal stresses are not allowed to rotate. 
(2) The Effective Stress Path/Yield Envelope (ESP/YE) analysis based 
on the concept of yielding envelope model was adopted to interpret the 
soil responses due to the blade penetration. Results show that in most 
cases the soft alluvial expansive clay soils penetrated by the stepped 
blade were critically stressed, which is characterized by the increase 
in pore pressure over the initial excess pore pressure and the 
associated stress states were above the critical state line of the 
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soli. These results substantiate earlier Interpretations from 
pneumatic blade tests at this site. 
(3) Five out of the six tests showed that plastic failure occurred In 
soli adjacent to the blade with the exception of one which showed that 
elastic behavior prevailed around the thinnest step of the blade. The 
rapid decrease In pore pressure at the end of the penetration and the 
associated stress states that fell within the critical state line and 
the yield envelope of the soil all pointed to the fact that the soil 
remained elastic. This together with the results from the pneumatic 
Stepped Blade suggested that the thinnest steps of the blade can cause 
elastic and consolidation behavior to occur In most types of soil. For 
soil that already possesses high Initial lateral stress, the 
penetration of the blade will push the soil to Its limit pressure. 
Prediction of Consolidation Parameters 
(1) The soil penetrated by the stepped blade Is assumed to be 
displaced laterally. Based on the theory Involved In the stepped blade 
design as defined by Handy et al. (12), the horizontal thickness of the 
consolidating soil layer adjacent to the blade Is related to the soil 
deformation and the slope b value derived from the exponential relation 
between the thickness of the blade and measured pressure. This 
relationship was adopted for estimating the thickness of the 
consolidating soil layer following the blade penetration. 
(2) Based on the result of the ESP/YE analysis on blade data, it was 
found that the soil behavior due to the blade penetration was dominated 
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by yielding behavior of the soil. A plasticity model based on the 
yielding of soil was proposed and applied for estimating the horizontal 
soil deformation around the blade, which in turn was used to estimate a 
thickness of the consolidating soil layer following the blade 
penetration. The analysis was based on the same assumption as in the 
one-dimensional consolidation theory, that soil deformation is only in 
one direction, in this case the horizontal direction away from the 
blade surface. Therefore, equations for confined compression are 
utilized for the calculation of consolidating soil layer. 
(3) While the theoretical analysis involved in deriving the thickness 
of the consolidating soil layer is not vigorous, it did consider 
stress-strain relations of the soils, the theory related to the design 
of the stepped blade, soil response due to the blade penetration, and 
consolidation theory. The critical step in the procedure was to define 
critically stressed soil state due to the blade penetration by using 
the proposed plasticity model. With the estimated thickness of the 
consolidating layer, coefficients of horizontal consolidation (C^) 
based on blade data were predicted and compared with those obtained 
from laboratory tests. The coefficient of vertical consolidation and 
the permeability of soil at different depth levels were then determined 
based on the calculated C^. 
(4) The predicted coefficient of consolidation (C,) based on blade 
n 
data and the corresponding k^ and are Indicative of variations in 
the soil profile, with those values inverse to clay content. 
(5) Field determined and are lower than their laboratory-
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determined values by factors of 1 to 16. The low field value of and 
Cy may Illustrate the effect of the remolding on soil due to the blade 
penetration. 
(6) The variation between field and laboratory value of both and 
seems discouraging. However, since great differences (by a factor 
of 10 or more) between the predicted and the actual coefficient of 
consolidation also have been observed in other studies, the predicted 
values of and based on blade data from this study may be 
acceptable. In fact, the field values of C, and C from the same soil 
n v 
depth are similar in most cases, indicating that the blade performs 
consistently under similar sets of conditions. 
(7) Despite the limitation set by the electronic transducers, 
advantages of field measurement using the electric blade over the 
conventional consolidation test done in the laboratory are evident. 
Not only is the testing time much shorter, the actual soil behavior in 
consolidation under field conditions can be monitored and included in 
the prediction of consolidation parameters. 
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RECOMMENDATIONS 
The study reported Initiated the usage of the Stepped 
Blade for estimating the consolidation parameters, results were 
encouraging. However, there are some areas of concern that need to be 
considered to attain a better prediction of the soil consolidation 
behavior from the blade data. The following research is recommended 
for further studies. 
1. The electronic transducers used in this study were found to be 
unreliable when used for prolonged periods under water, because water 
got into and corroded the transducer. It is necessary to look for 
another type of transducers that has to be perfectly sealed and 
waterproofed. One possible choice of transducer would be those used in 
the Borehole Shear Test device. It is slightly larger than those used 
in this study and is sealed inside two metal housings. This type of 
transducer was successfully field tested, and the Borehole Shear 
Testing device has been sold internationally. A similar system can be 
adapted for the stepped blade by incorporating a closed hydraulic oil 
system to transfer pressures to transducers sealed in the support 
housing. In order to accommodate the larger sized transducers, some 
modifications on the design of the stepped blade would be necessary. 
2, The low permeability of certain clay soils may impose a limitation 
for using the stepped blade for studying soil consolidation behavior, 
since the pressure change is slow and needs to be monitored for a 
longer period of time. The stepped blade thus seems better suited for 
predicting settlement of structures on silty-type soils. 
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3. The proposed method for estimating the horizontal coefficient of 
consolidation requires knowing the thickness of the consolidating soil 
layer adjacent to the blade, which In turns depends on the soil 
deformation due to the blade penetration. In general engineering 
practice, It may not be feasible to define the soil deformation for a 
given soil In as much detail as presented In this study. Further work 
Is required to derive a consistent method for estimating the horizontal 
coefficient of consolidation of soil. 
4. For estimating the horizontal coefficient of consolidation, C^, a 
uniform Initial excess pore pressure within the consolidating soil 
layer Is assumed. As the actual distribution of excess pore pressure 
following the flat-blade penetration which determines the value of time 
factor T In consolidation equation, is still unknown at this stage of 
development, further research along this line may be necessary. 
5. With the development of well-written finite element computer 
programs It is possible to apply them to better understand the effect 
of blade penetration on soil and the subsequent soil consolidation 
behavior. However, one of the forseeable obstacle Is that the modeling 
of a rectangular shaped device Involves highly complex mathematical 
equations which do not have an exact solution at this stage of 
development. Furthermore, a special finite element may need to be 
incorporated Into the computer program to simulate the remolded zone of 
soil at the surface of the blade. 
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APPENDIX A: 
ELECTRIC BLADE TEST DATA 
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List of Abbreviation for Appendix ^  
TIME MIN : Time In minute 
FIRST TOTAL : Total soli pressure measured from the first step of 
blade 
FIRST FORE : Pore water pressure measured from the first step of blade 
SECOND TOTAL : Total soil pressure measured from the second step of 
blade 
SECOND PORE : Pore water pressure measured from the second step of 
blade 
FIRST EFFECTIV : Effective soil pressure for the first step of blade 
SECOND EFFECTIV : Effective soil pressure for the second step of blade 
SLOPE b EFF : Slope, b, on effective stress basis 
IN SITU EFF STRE : In situ lateral stress on effective stress basis 
LAT STRES RATIO EFF : Lateral stress ratio, K^, on effective stress 
basis 
SLOPE b TOT : Slope, b, on total stress basis 
IN SITU TOT STRES : In situ lateral stress on total stress basis 
LAT STRE RATIO TO : Lateral stress ratio, K^, on total stress basis 
NORMAL PORE F : Ratio between the pore pressure for the first blade 
step (col 3) and the maximum pore pressure on the same 
step during the testing period 
NORMAL PORE S : Ratio between the pore pressure for the second blade 
step (col 5) and the maximum pore pressure on the same 
step during the testing period 
LOG TIME : Logarithm (base 10) of the time (col I) 
STRE PAR P'-FIRST ; Stress parameter p' for the first blade step 
STRE PAR Q-FIRST : Stress parameter q for the first blade step 
STRE RAT r, FIRST : Stress ratio, r = q/p', for the first blade step 
STRE PAR P'-SECON ; Stress parameter p' for the second blade step 
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STRE PAR Q-SECOND : Stress parameter q for the second blade step 
STRE RAT r, SECOND : Stress ratio, r= q/p', for the second blade step 
189 
Table A-1. Blade data for Test 1-4 
TIME FIRST FIRST SECOND SECOND FIRST SECOND SLOPE 
MIN TOTAL PORE TOTAL PORE EFFECTIV EFFECTIV b EFF 
0.000 
0.167 
0.333 
0.500 
0.667 
0.833 
1.000 
1.167 
1.333 
1.500 
1.667 
1.833 
2.000 
2.167 
2.333 
2.500 
2.667 
2.833 
3.000 
3.167 
3.333 
3.500 
3.667 
3.833 
4.000 
4.167 
4.333 
4.500 
4.667 
4.833 
5.000 
7.000 
9.000 
11.000 
13.000 
15.000 
17.000 
19.000 
21.000 
23.000 
25.000 
27.000 
29.000 
31.000 
33.000 
35.000 
37.000 
39.000 
41.000 
43.000 
45.000 
0.000 
11.200 
26.400 
33.500 
33.700 
33.800 
34.000 
34.100 
34.200 
34.400 
34.500 
34.600 
34.800 
34.900 
35.000 
35.000 
35.100 
35.100 
35.200 
35.200 
35.200 
35.300 
35.400 
35.500 
35.600 
35.600 
35.500 
35.400 
35.300 
35.200 
35.100 
35.100 
34.900 
34.800 
34.700 
34.500 
34.400 
34.300 
34.300 
34.200 
34.100 
34.000 
33.900 
33.800 
33.800 
33.700 
33.600 
33.700 
33.600 
33.600 
33.600 
0.000 
6.300 
11.400 
18.300 
18.500 
18.700 
19.000 
19.200 
19.400 
19.500 
19.700 
19.900 
20.100 
20.200 
20.400 
20.500 
20.600 
20.800 
20.800 
20.900 
20.900 
20.800 
20.900 
21.000 
21.100 
21.190 
21.000 
20.900 
20.800 
20.800 
20.800 
20.700 
20.600 
20.600 
20.500 
20.500 
20.400 
20.400 
20.300 
20.200 
20.200 
20.100 
19.900 
19.900 
19.800 
19.700 
19.600 
19.700 
19.600 
19.600 
19.600 
0.000 
16.400 
29.300 
45.700 
45.600 
45.800 
45.900 
45.900 
46.000 
46.000 
46.100 
46.100 
46.500 
46.700 
46.800 
47.000 
47.100 
47.300 
47.300 
• 47.500 
47.800 
47.800 
47.800 
47.800 
47.900 
47.900 
48.000 
48.100 
48.200 
48.100 
47.900 
47.900 
47.600 
47.300 
47.100 
46.700 
46.800 
46.600 
46.500 
46.400 
46.100 
46.000 
46.000 
46.000 
45.900 
46.000 
45.700 
45.800 
45.500 
45.400 
45.300 
0.000 
10.400 
19.700 
26.800 
27.000 
27.300 
27.500 
27.500 
27.600 
27.700 
27.800 
27.800 
28.100 
28.300 
28.500 
28.700 
28.800 
29.000 
29.100 
29.300 
29,500 
29.500 
29.600 
29.600 
29.700 
29.700 
29.800 
29.900 
30.000 
30.000 
29.800 
29.900 
29.700 
29.500 
29.300 
29.000 
29.000 
28.900 
28.900 
28.800 
28.600 
28.500 
28.500 
28.500 
28.500 
28.600 
28.400 
28.500 
28.300 
28.300 
28.200 
0.000 
4.900 
15.000 
15.200 
15.200 
15.100 
15.000 
14.900 
14.800 
14.900 
14.800 
14.700 
14.700 
14.700 
14.600 
14.500 
14.500 
14.300 
14.400 
14.300 
14.300 
14.500 
14.500 
14.500 
14.500 
14.500 
14.500 
14.500 
14.500 
14.400 
14.300 
14.400 
14.300 
14.200 
14.200 
14.000 
14.000 
13.900 
14.000 
14.000 
13.900 
13.900 
14.000 
13.900 
14.000 
14.000 
14.000 
14.000 
14.000 
14.000 
14.000 
0.000 
6.000 
9.600 
18.900 
18.600 
18.500 
18.400 
18.400 
18.400 
18.300 
18.300 
18.300 
18.400 
18.400 
18.300 
18.300 
18.300 
18.300 
18.200 
18.200 
18.300 
18.300 
18.200 
18.200 
18.200 
18.200 
18.200 
18.200 
18.200 
18.100 
18.100 
18.000 
17.900 
17.800 
17.800 
17.700 
17.800 
17.700 
17.600 
17.600 
17.500 
17.500 
17.500 
17.500 
17.400 
17.400 
17.300 
17.300 
17.200 
17.100 
17.100 
ERR 
0.133 
-0.298 
0.145 
0.135 
0.135 
0.136 
0.141 
0.145 
0.137 
0.142 
0.146 
0.150 
0.150 
0.151 
0.155 
0.155 
0.164 
0.156 
0.161 
0.164 
0.153 
0.132 
0.152 
0.152 
0.152 
0.152 
0.152 
0.152 
0.152 
0.157 
0.149 
0.150 
0.151 
0.151 
0.156 
0.160 
0.161 
0.153 
0.153 
0.154 
0.134 
0.149 
0.154 
0.145 
0.145 
0.141 
0.141 
0.137 
0.133 
0.133 
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Table A-1. (continued) 
IN SITU 
EFF STRE 
UT STRES 
RATIO EFF 
SLOPE 
b TOT 
IN SITU 
TOT SRES 
UT STRE 
RATIO TO 
NORMAL 
PORE F 
NORMAL 
PORE S 
LOG 
TIME 
ERR ERR ERR ERR ERR 0.000 0.000 EBR 
3.268 0.750 0.254 5.224 1.198 0.299 0.347 -0.777 
36.621 8.399 0.069 21.433 4.916 0.540 0.657 -0.478 
9.831 2.255 0.207 18.001 4.129 0.867 0.893 -0.301 
10.151 2.328 0.202 18.406 4.222 0.877 0.900 -0.176 
10.060 2.307 0.203 18.409 4.222 0.886 0.910 -0.079 
9.969 2.286 0.200 18.656 4.279 0.900 0.917 0.000 
9.771 2.241 0.198 18.821 4.317 0.910 0.917 0.067 
9.575 2.196 0.198 18.904 4.336 0.919 0.920 0.125 
9.878 2.266 0.194 19.238 4.412 0.924 0.923 0.176 
9.680 2.220 0.193 19.322 4.432 0.934 0.927 0.222 
9.485 2.176 0.191 19.491 4.470 0.943 0.927 0.263 
9.382 2.152 0.193 19.491 4.470 0.953 0.937 0.301 
9.382 2.152 0.194 19.491 4.470 0.957 0.943 0.336 
9.293 2.131 0.194 19.575 4.490 0.967 0.950 0.368 
9.103 2.088 0.197 19.409 4.452 0.972 0.937 0.398 
9.103 2.088 0.196 19.493 4.471 0.976 0.960 0.426 
8.732 2.003 0.199 19.329 4.433 0.986 0.967 0.452 
9.015 2.068 0.197 19.494 4.471 0.986 0.970 0.477 
8.828 2.025 0.200 19.330 4.434 0.991 0.977 0.501 
8.732 2.003 0.204 19.089 4.378 0.991 0.983 0.523 
9.103 2.088 0.202 19.252 4.416 0.986 0.983 0.544 
9.204 2.111 0.200 19.416 4.453 0.991 0.987 0.564 
9.204 2.111 0.198 19.581 4.491 0.995 0.987 0.584 
9.204 2.111 0.198 19.664 4.510 1.000 0.990 0.602 
9.204 2.111 0.198 19.664 4.510 1.000 0.990 0.620 
9.204 2.111 0.201 19.418 4.454 0.995 0.993 0.637 
9.204 2.111 0.204 19.174 4.398 0.991 0.997 0.653 
9.204 2.111 0.208 18.933 4.343 0.986 1.000 0.669 
9.114 2.090 0.208 18.851 4.324 0.986 1.000 0.684 
8.926 2.047 0.207 18.847 4.323 0.986 0.993 0.699 
9.216 2.114 0.207 18.847 4.323 0.981 0.997 0.845 
9.126 2.093 0.207 18.761 4.303 0.976 0.990 0.954 
9.037 2.073 0.205 18.837 4.320 0.976 0.983 1.041 
9.037 2.073 0.204 18.834 4.320 0.972 0.977 1.114 
8.759 2.009 0.202 18.829 4.319 0.972 0.967 1.176 
8.661 1.986 0.205 18.586 4.263 0.967 0.967 1.230 
8.572 1.966 0.204 18.583 4.262 0.967 0.963 1.279 
8.858 2.032 0.203 18.663 4.280 0.962 0.963 1.322 
8.858 2.032 0.203 18.580 4.261 0.957 0.960 1.362 
8.769 2.011 0.201 18.658 4.279 0.957 0.953 1.398 
8.769 2.011 0.202 18.575 4.260 0.953 0.950 1.431 
8.960 2.055 0.203 18.411 4.223 0.943 0.950 1.462 
8.769 2.011 0.205 18.249 4.186 0.943 0.950 1.491 
9.063 2.079 0.204 18.328 4.204 0.938 0.950 1.519 
9.063 2.079 0.207 18.087 4.148 0.934 0.953 1.544 
9.168 2.103 0.205 18.163 4.166 0.929 0.947 1.568 
9.168 2.103 0.205 18.246 4.185 0.934 0.950 1.391 
9.275 2.127 0.202 18.323 4.203 0.929 0.943 1.613 
9.384 2.152 0.201 18.404 4.221 0.929 0.943 1.633 
9.384 2.152 0.199 18.485 4.240 0.929 0.940 1.653 
^Vertical effective stress used for calculation is 
4.36 psi (water table depth =6 ft.). 
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Table A-1. (continued) 
STBE PAS STRB PAR 
P'-riRST Q - FIRS 
STRE RAT 
r, FIRST 
STRE PAR STRE PAR 
P'-SECON Q-SECOND 
STRE RAT 
r, SECOND 
1.433 -4.360 -3.000 1.453 -4.360 -3.000 
4.720 0.540 0.114 5.453 1.640 0.301 
11.453 10.640 0.929 7.853 5.240 0.667 
11.587 10.840 0.936 14.053 14.540 1.035 
11.587 10.840 0.936 13.853 14.240 1.028 
11.520 10.740 0.932 13.787 14.140 1.026 
11.453 10.640 0.929 13.720 14.040 1.023 
11.387 10.540 0.926 13.720 14.040 1.023 
11.320 10.440 0.922 13.720 14.040 1.023 
11.387 10.540 0.926 13.653 13.940 1.021 
11.320 10.440 0.922 13.653 13.940 1.021 
11.253 10.340 0.919 13.653 13.940 1.021 
11.253 10.340 0.919 13.720 14.040 1.023 
11.253 10.340 0.919 13.720 14.040 1.023 
11.187 10.240 0.915 13.653 13.940 1.021 
11.120 10.140 0.912 13.653 13.940 1.021 
11.120 10.140 0.912 13.653 13.940 1.021 
10.987 9.940 0.905 13.653 13.940 1.021 
11.053 10.040 0.908 13.587 13.840 1.019 
10.987 9.940 0.905 13.587 13.840 1.019 
10.987 9.940 0.905 13.653 13.940 1.021 
11.120 10.140 0.912 13.653 13.940 1.021 
11.120 10.140 0,912 13.587 13.840 1.019 
11.120 10.140 0.912 13.587 13.840 1.019 
11.120 10.140 0.912 13.587 13.840 1.019 
11.120 10.140 0.912 13.587 13.840 1.019 
11.120 10.140 0.912 13.587 13.840 1.019 
11.120 10.140 0.912 13.587 13.840 1.019 
11.120 10.140 0.912 13.587 13.840 1.019 
11.053 10.040 0.908 13.520 13.740 1.016 
10.987 9.940 0.905 13.520 13.740 1.016 
11.053 10.040 0.908 13.453 13.640 1.014 
10.987 9.940 0.905 13.387 13.540 1.011 
10.920 9.840 0.901 13.320 13.440 1.009 
10.920 9.840 0.901 13.320 13.440 1.009 
10.787 9.640 0.894 13.253 13.340 1.007 
10.787 9.640 0.894 13.320 13.440 1.009 
10.720 9.540 0.890 13.253 13.340 1.007 
10.787 9.640 0.894 13.187 13.240 1.004 
10.787 9.640 0.894 13.187 13.240 1.004 
10.720 9.540 0.890 13.120 13.140 1.002 
10.720 9.540 0.890 13.120 13.140 1.002 
10.787 9.640 0.894 13.120 13.140 1.002 
10.720 9.540 0.890 13.120 13.140 1.002 
10.787 9.640 0.894 13.053 13.040 0.999 
10.787 9.640 0.894 13.053 13.040 0.999 
10.787 9.640 0.894 12.987 12.940 0.996 
10.787 9.640 0.894 12.987 12.940 0.996 
10.787 9.640 0.894 12.920 12.840 0.994 
10.787 9.640 0.894 12.853 12.740 0.991 
10.787 9.640 0.894 12.853 12.740 0.991 
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Table A-2. (continued) 
IN SITU 
Err STRE 
LAT STRES'^LOPE 
RATI TOT b TOT 
IN SITU LAT STRE 
TOT SRES RATI EFF 
NORMAL 
PORE r 
NORMAL 
PORE S 
LOG 
TIME 
ERR ERR ERR ERR ERR 0.000 0.000 ERR 
4.977 1.142 0.192 4.387 1.006 0.097 0.155 -0.777 
2.422 0.556 0.250 6.759 1.550 0.424 0.482 -0.478 
22.145 5.079 0.056. 24.915 5.714 0.622 0.665 -0.301 
15.231 3.493 0,131 24.616 5.646 0.865 0.910 -0.176 
13.788 3.621 0.125 25.280 5.798 0.876 0.917 -0.079 
13.003 3.441 0.130 24.850 5.700 0.885 0.924 0.000 
13.163 3.478 0.129 25.034 5.742 0.894 0.935 0.067 
13.163 3.478 0.129 25.125 5.763 0.899 0.939 0.125 
14.493 3.325 0.130 25.105 5.758 0.912 0.942 0.176 
14.649 3.360 0.128 25.401 5.826 0.922 0.950 0.222 
14.649 3.360 0.129 25.381 5.821 0.926 0.957 0.263 
14.649 3.360 0.129 25.472 5.842 0.931 0.960 0.301 
14.299 3.280 0.130 25.361 5.817 0.940 0.968 0.336 
13.901 3.188 0.132 25.342 5.812 0.949 0.971 0.368 
13.637 3.132 0.131 25.433 5.833 0.959 0.973 0.398 
13.706 3.144 0.129 25.636 5.880 0.968 0.982 0.426 
13.319 3.055 0.131 25.525 5.854 0.972 0.982 0.452 
13.319 3.055 0.131 25.616 5.875 0.977 0.986 0.477 
13.932 3.200 0.127 26.024 5.969 0.977 0.989 0.501 
13.952 3.200 0.127 26.116 5.990 0.982 0.993 0.523 
13.952 3.200 0.127 26.116 5.990 0.982 0.993 0.344 
13.803 3.166 0.126 26.208 6.011 0.986 0.993 0.564 
14.201 3.257 0.125 26.414 6.058 0.986 0.996 0.384 
13.952 3.200 0.125 26.414 6.058 0.991 0.996 0.602 
14.050 3.222 0.124 26.506 6.079 0.991 0.996 0.620 
14.147 3.245 0.123 26.713 6.127 0.991 0.993 0.637 
14.708 3.373 0.121 26.829 6.153 0.986 0.996 0.653 
14.453 3.315 0.120 27.038 6.201 0.995 0.996 0.669 
14.433 3.315 0.120 27.038 6.201 0.995 0.996 0.684 
14.453 3.315 0.119 27.131 6.223 1.000 1.000 0.699 
14.453 3.315 0.119 27.131 6.223 1.000 1.000 0.845 
14.610 3.351 0.118 27.155 6.228 0.995 0.996 0.954 
14.610 3.351 0.118 27.062 6.207 0.991 0.993 1.041 
13.952 3.200 0.122 26.644 6.111 0.991 0.989 1.114 
13.952 3.200 0.122 26.551 6.090 0.986 0.986 1.176 
14.201 3.257 0.121 26.574 6.095 0.977 0.978 1.230 
14.050 3.222 0.123 26.274 6.026 0.968 0.971 1.279 
14.201 3.257 0.122 26.296 6.031 0.963 0.968 1.322 
14.201 3.257 0.124 25.996 5.962 0.954 0.964 1.362 
14.355 3.292 0.126 25.698 5.894 0.945 0.964 1.398 
14.201 3.257 0.125 25.719 5.899 0.940 0.933 1.431 
14.201 3.257 0.125 25.535 5.857 0.931 0.946 1.462 
14.511 3.328 0.126 25.443 5.836 0.926 0.950 1.491 
14.769 3.387 0.125 25.465 5.840 0.917 0.942 1.519 
15.095 3.462 0.125 25.280 5.798 0.908 0.942 1.544 
15.362 3.523 0.124 25.394 5.824 0.903 0.939 1.568 
14.733 3.379 0.128 24.891 5.709 0.903 0.939 1.591 
14.733 3.379 0.128 24.799 5.688 0.899 0.933 1.613 
14.635 3.357 0.128 24.707 5.667 0.899 0.935 1.633 
14.635 3.357 0.128 24.707 5.667 0.899 0.935 1.653 
^Vertical effective stress used for calculation is 
4.36 psi (water table depth = 6 ft.)* 
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Table A-2. (continued) 
STRE PAR STRE PAR STRE RAT STRE PAR STRE PAR STRE RAT 
P'-FIRST Q-PIRST r, FIRST P'-SECON Q-SECOND r, SECON 
1.453 -4.360 -3.000 1.453 -4.360 -3.000 
5.253 1.340 0.255 5.520 1.740 0.315 
4.853 0.740 0.152 6.387 3.040 0.476 
12.120 11.640 0.960 10.520 9.240 0.878 
13.220 13.290 1.005 14.120 14.640 1.037 
13.320 13.440 1.009 14.053 14.540 1.033 
13.120 13.140 1.002 14.053 14.340 1.033 
13.120 13.140 1.002 13.987 14.440 1.032 
13.120 13.140 1.002 13.987 14.440 1.032 
12.987 12.940 0.996 14.053 14.540 1.035 
12.987 12.940 0.996 13.987 14.440 1.032 
12.987 12.940 0.996 13.987 14.440 1.032 
12.987 12.940 0.996 13.987 14.440 1.032 
12.853 12.740 0.991 13.920 14.340 1.030 
12.787 12.640 0.989 13.987 14.440 1.032 
12.720 12.340 0.986 13.987 14.440 1.032 
12.653 12.440 0.983 13.853 14.240 1.028 
12.587 12.340 0.980 13.920 14.340 1.030 
12.587 12.340 0.980 13.920 14.340 1.030 
12.720 12.540 0.986 13.853 14.240 1.028 
12.720 12.540 0.986 13.853 14.240 1.028 
12.720 12.540 0.986 13.853 14.240 1.028 
12.720 12.540 0.986 13.920 14.340 1.030 
12.787 12.640 0.989 13.833 14.240 1.028 
12.720 12.540 0.986 13.853 14.240 1.028 
12.787 12.640 0.989 13.920 14.340 1.030 
12.853 12.740 0.991 13.987 14.440 1.032 
12.920 12.840 0.994 13.853 14.240 1.028 
12.853 12.740 0.991 13.853 14.240 1.028 
12.853 12.740 0.991 13.853 14.240 1.028 
12.853 12.740 0.991 13.853 14.240 1.028 
12.653 12.740 0.991 13.853 14.240 1.028 
12.853 12.740 0.991 13.787 14.140 1.026 
12.853 12.740 0.991 13.787 14.140 1.026 
12.720 12.540 0.986 13.833 14.240 1.028 
12.720 12.540 0.986 13.853 14.240 1.028 
12.787 12.640 0.989 13.853 14.240 1.028 
12.787 12.640 0.989 13.920 14.340 1.030 
12.787 12.640 0.989 13.853 14.240 1.028 
12.787 12.640 0.989 13.853 14.240 1.028 
12.787 12.640 0.989 13.787 14.140 1.026 
12.787 12.640 0.989 13.853 14.240 1.028 
12.787 12.640 0.989 13.853 14.240 1.028 
12.787 12.640 0.989 13.720 14.040 1.023 
12.853 12.740 0.991 13.720 14.040 1.023 
12.853 12.740 0.991 13.587 13.840 1.019 
12.920 12.840 0.994 13.387 13.840 1.019 
12.720 12.340 0.986 13.320 13.740 1.016 
12.720 12.340 0.986 13.520 13.740 1.016 
12.653 12.440 0.983 13.453 13.640 1.014 
12.653 12.440 0.983 13.453 13.640 1.014 
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Table A-3. Blade data for Test 4-6 
TIME FIRST FIRST SECOND SECOND FIRST SECOND SLOPE 
MIN TOTAL PORE TOTAL PORE EPPECTIV EFFECTIV b EPF 
0.000 
0.167 
0.333 
0.500 
0.667 
0.833 
1.000 
1.167 
1.333 
1.500 
1.667 
1.833 
2.000 
2.167 
2.333 
2.500 
2.667 
2.833 
3.000 
3.167 
3.333 
3.500 
3.667 
3.833 
4.000 
4.167 
4.333 
4.500 
4.667 
4.833 
5.000 
7.000 
9.000 
11.000 
13.000 
15.000 
17.000 
19.000 
21.000 
23.000 
25.000 
27.000 
29.000 
31.000 
33.000 
35.000 
37.000 
39.000 
41.000 
43.000 
45.000 
0.000 
16.400 
31.300 
40.270 
40.300 
40.400 
40.500 
40.600 
40.800 
40.800 
40.900 
41.200 
41.300 
41.400 
41.600 
41.900 
42.100 
42.000 
42.100 
42.000 
42.100 
42.100 
41.900 
42.000 
42.000 
42.000 
42.000 
42.000 
41.700 
41.700 
41.500 
41.400 
41.100 
41.000 
41.000 
40.800 
40.600 
40.700 
40.500 
40.400 
40.100 
40.000 
39.900 
39.900 
40.000 
39.700 
39.600 
39.500 
39.400 
39.400 
39.400 
0.000 
8.800 
15.400 
20.100 
20.500 
20.700 
20.800 
21.000 
21.200 
21.300 
21.500 
21.800 
22.000 
22.100 
22.400 
22.700 
22.900 
22.900 
23.000 
23.000 
23.100 
23.200 
23.100 
23.200 
23.200 
23.300 
23.300 
23.300 
23.100 
23.100 
23.000 
22.900 
22.700 
22.600 
22.600 
22.500 
22.300 
22.400 
22.200 
22.000 
21.900 
21.800 
21.700 
21.700 
21.800 
21.600 
21.500 
21.500 
21.400 
21.400 
21.400 
0.000 
18.400 
35.400 
43.970 
44.100 
44.200 
44.400 
44.400 
44.500 
44.700 
44.800 
44.900 
45.100 
45.100 
45.300 
43.300 
45.300 
45.400 
45.500 
45.500 
45.700 
45.700 
45.600 
45.600 
45.600 
45.600 
45.600 
45.700 
45.700 
45.800 
45.800 
45.600 
45.500 
45.400 
45.200 
45.100 
45.000 
44.800 
44.600 
44.500 
44.300 
44.200 
44.000 
44.100 
44.100 
43.900 
43.900 
43.800 
43.800 
43.700 
43.700 
0.000 
10.200 
17.900 
23.300 
23.700 
23.900 
24.100 
24.200 
24.300 
24.500 
24.700 
24.800 
25.000 
25.200 
25.400 
25.500 
25.500 
25.600 
25.700 
25.800 
26.000 
26.000 
26.000 
26.000 
26.100 
26.100 
26.100 
26.200 
26.300 
26.400 
26.400 
26.300 
26.200 
26.200 
26.000 
25.900 
25.900 
25.700 
25.600 
25.500 
25.300 
25.100 
25.000 
25.100 
25.100 
25.000 
25.000 
24.900 
24.900 
24.800 
24.800 
0.000 
7.600 
15.900 
20.170 
19.800 
19.700 
19.700 
19.600 
19.600 
19.500 
19.400 
19.400 
19.300 
19.300 
19.200 
19.200 
19.200 
19.100 
19.100 
19.000 
19.000 
18.900 
18.800 
18.800 
18.800 
18.700 
18.700 
18.700 
18.600 
18.600 
18.500 
18.500 
18.400 
18.400 
18.400 
18.300 
18.300 
18.300 
18.300 
18.400 
18.200 
18.200 
18.200 
18.200 
18.200 
18.100 
18.100 
18.000 
18.000 
18.000 
18.000 
0.000 
8.200 
17.500 
20.670 
20.400 
20.300 
20.300 
20.200 
20.200 
20.200 
20.100 
20.100 
20.100 
19.900 
19.900 
19.800 
19.800 
19.800 
19.800 
19.700 
19.700 
19.700 
19.600 
19.600 
19.500 
19.500 
19.500 
19.500 
19.400 
19.400 
19.400 
19.300 
19.300 
19.200 
19.200 
19.200 
19.100 
19.100 
19.000 
19.000 
19.000 
19.100 
19.000 
19.000 
19.000 
18.900 
18.900 
18.900 
18.900 
18.900 
18.900 
ERR 
0.051 
0.064 
0.016 
0.020 
0.020 
0.020 
0.020 
0.020 
0.024 
0.024 
0.024 
0.027 
0.020 
0.024 
0.021 
0.021 
0.024 
0.024 
0.024 
0.024 
0.028 
0.028 
0.028 
0.024 
0.028 
0.028 
0.028 
0.028 
0.028 
0.032 
0.028 
0.032 
0.028 
0.028 
0.032 
0.029 
0.029 
0.025 
0.021 
0.029 
0.032 
0.029 
0.029 
0.029 
0.029 
0.029 
0.033 
0.033 
0.033 
0.033 
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Table A-3. (continued) 
m SITU UT STRES'^LOPE 
EFF STRE RATI EFF b TOT 
IN SITU 
TOT SRES 
UT STRE. NORMAL 
RAT TOT PORE F 
NORMAL 
PORE S 
LM 
TIME 
ERR ERR ERR ERR ERR 0.000 0.000 ERR 
6.528 1.043 0.077 13.029 2.081 0.378 0.386 -0.777 
13.125 2.097 0.082 24.470 3.909 0.661 0.678 -0.478 
19.206 3.068 0.059 33.778 5.396 0.863 0.883 -0.301 
18.652 2.980 0.060 33.654 5.376 0.880 0.898 -0.176 
18.553 2.964 0.060 33.752 5.392 0.888 0.905 -0.079 
18.553 2.964 0.061 33.698 5.383 0.893 0.913 0.000 
18.453 2.948 0.060 33.948 5.423 0.901 0.917 0.067 
18.453 2.948 0.058 34.297 5.479 0.910 0.920 0.125 
18.172 2.903 0.061 33.991 5.430 0.914 0.928 0.176 
18.072 2.887 0.061 34.089 5.446 0.923 0.936 0.222 
18.072 2.887 0.057 34.690 5.541 0.936 0.939 0.263 
17.794 2.843 0.059 34.634 5.533 0.944 0.947 0.301 
18.154 2.900 0.057 34.886 5.573 0.948 0.955 0.336 
17.873 2.855 0.057 35.082 5.604 0.961 0.962 0.368 
18.054 2.884 0.052 35.846 5.726 0.974 0.966 0.398 
18.054 2.884 0.049 36.362 5.809 0.983 0.966 0.426 
17.773 2.839 0.052 35.945 5.742 0.983 0.970 0.452 
17.773 2.839 0.052 36.043 5.758 0.987 0.973 0.477 
17.674 2.823 0.053 35.787 5.717 0.987 0.977 0.501 
17.674 2.823 0.055 35.728 5.707 0.991 0.985 0.523 
17.396 2.779 0.055 35.728 5.707 0.996 0.985 0.544 
17.297 2.763 0.056 35.376 5.651 0.991 0.985 0.564 
17.297 2.763 0.055 35.630 5.692 0.996 0.985 0.584 
17.474 2.791 0.055 35.630 5.692 0.996 0.989 0.602 
17.197 2.747 0.055 35.630 5.692 1.000 0.989 0.620 
17.197 2.747 0.055 35.630 5.692 1.000 0.989 0.637 
17.197 2.747 0.056 35.474 5.667 1.000 0.992 0.653 
17.098 2.731 0.061 34.720 5.546 0.991 0.996 0.669 
17.098 2.731 0.063 34.568 5.522 0.991 1.000 0.684 
16.823 2.687 0.066 34.073 5.443 0.987 1.000 0.699 
16.998 2.715 0.064 34.125 5.451 0.983 0.996 0.845 
16.724 2.672 0.068 33.535 5.357 0.974 0.992 0.954 
16.899 2.699 0.063 33.438 5.342 0.970 0.992 1.041 
16.899 2.699 0.065 33.735 5.389 0.970 0.985 1.114 
16.625 2.656 0.067 33.391 5.334 0.966 0.981 1.176 
16.799 2.684 0.069 33.049 5.279 0.957 0.981 1.230 
16.799 2.684 0.064 33.591 5.366 0.961 0.973 1.279 
16.976 2.712 0.064 33.396 5.335 0.953 0.970 1.322 
17.256 2.757 0.064 33.298 5.319 0.944 0.966 1.362 
16.700 2.668 0.066 32.857 5.249 0.940 0.958 1.398 
16.525 2.640 0.067 32.759 5.233 0.936 0.951 1.431 
16.700 2.668 0.065 32.811 5.241 0.931 0.947 1.462 
16.700 2.668 0.067 32.662 5.218 0.931 0.951 1.491 
16.700 2.668 0.065 32.908 5.257 0.936 0.951 1.519 
16.600 2.652 0.067 32.467 5.186 0.927 0.947 1.544 
16.600 2.652 0.069 32.222 5.147 0.923 0.947 1.568 
16.327 2.608 0.069 32.125 5.132 0.923 0.943 1.591 
16.327 2.608 0.071 31.882 5.093 0.918 0.943 1.613 
16.327 2.608 0.069 32.028 5.116 0.918 0.939 1.633 
16.327 2 , m  0.9M 32.028 5,|16 0.918 0.939 1.653 
Vertical effective stress used for calculation is 
6.26 psi (water table depth = 8 ft.). 
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Table A-3. (continued) 
STRE PAR STRE PAR STRE RATISTRE PAR STRE PAR STRE RATI 
P'-PIRST Q-PIRST r, FIRST P'-SECON Q-SECOND r, SECON 
2.087 -6.260 -3.000 2.087 -6.260 -3.000 
7.153 1.340 0.187 7.553 1.940 0.257 
12.687 9.640 0.760 13.753 11.240 0.817 
15.533 13.910 0.895 15.867 14.410 0.908 
15.287 13.540 0.886 15.687 14.140 0.901 
15.220 13.440 0.883 15.620 14.040 0.899 
15.220 13.440 0.883 15.620 14.040 0.899 
15.153 13.340 0.680 15.553 13.940 0.896 
15.153 13.340 0.880 15.553 13.940 0.896 
15.087 13.240 0.878 15.553 13.940 0.896 
15.020 13.140 0.875 15.487 13.840 0.894 
15.020 13.140 0.875 15.487 13.840 0.894 
14.953 13.040 0.872 15.487 13.840 0.894 
14.953 13.040 0.872 15.353 13.640 0.888 
14.887 12.940 0.869 15.353 13.640 0.888 
14.887 12.940 0.869 15.287 13.540 0.886 
14.887 12.940 0.869 15.287 13.540 ' 0.886 
14.820 12.840 0.866 15.287 13.540 0.886 
14.820 12.840 0.866 15.287 13.540 0.886 
14.753 12.740 0.864 15.220 13.440 0.883 
14.753 12.740 0.864 15.220 13.440 0.883 
14.687 12.640 0.861 15.220 13.440 0.883 
14.620 12.540 0.858 15.153 13.340 0.880 
14.620 12.540 0.858 15.153 13.340 0.880 
14.620 12.540 0.858 15.087 13.240 0.878 
14.553 12.440 0.855 15.087 13.240 0.878 
14.553 12.440 0.855 15.087 13.240 0.878 
14.553 12.440 0.855 15.087 13.240 0.878 
14.487 12.340 0.852 15.020 13.140 0.875 
14.487 12.340 0.852 15.020 13.140 0.875 
14.420 12.240 0.849 15.020 13.140 0.875 
14.420 12.240 0.849 14.953 13.040 0.872 
14.353 12.140 0.846 14.953 13.040 0.872 
14.353 12.140 0.846 14.887 12.940 0.869 
14.353 12.140 0.846 14.887 12.940 0.869 
14.287 12.040 0.843 14.887 12.940 0.869 
14.287 12.040 0.843 14.820 12.840 0.866 
14.287 12.040 0.843 14.820 12.840 0.866 
14.287 12.040 0.843 14.753 12.740 0.864 
14.353 12.140 0.846 14.753 12.740 0.864 
14.220 11.940 0.840 14.753 12.740 0.864 
14.220 11.940 0.840 14.820 12.840 0.866 
14;220 11.940 0.840 14.753 12.740 0.864 
14.220 11.940 0.840 14.753 12.740 0.864 
14.220 11.940 0.840 14.753 12.740 0.864 
14.153 11.840 0.837 14.687 12.640 0.861 
14.153 11.840 0.837 14.687 12.640 0.861 
14.087 11.740 0.833 14.687 12.640 0.861 
14.087 11.740 0.833 14.687 12.640 0.861 
14.087 11.740 0.833 14.687 12.640 0.861 
14.087 11.740 0.833 14.687 12.640 0.861 
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Table A-4. Blade data for Test 8-6 
TIME FIRST FIRST SECOND SECOND FIRST SECOND SLOPE 
MINITTE TOTAL PORE TOTAL PORE EFPECTIVEEFFECTIVE b (EPF) 
0.000 ÔTÔÔÔ 0.000 0.000 0.000 0.000 0.000 ËRR" 
0.167 9.700 8.600 11.300 10.100 1.100 1.200 0.058 
0.333 19.800 15.700 21.400 17.400 4.100 4.000 -0.016 
0.500 30.700 20.400 35.800 22.300 10.300 13.500 0.180 
0.667 40.070 25.900 45.100 28.400 14.170 16.700 0.110 
0.833 39.000 24.800 45.200 28.500 14.200 16.700 0.108 
1.000 38.700 24.500 45.200 28.600 14.200 16.600 0.104 
1.167 38.500 24.300 45.200 28.600 14.200 16.600 0.104 
1.333 38.400 24.100 45.200 28.500 14.300 16.700 0.103 
1.500 38.200 23.900 45.300 28.400 14.300 16.900 0.111 
1.667 38.100 23.800 45.200 28.500 14.300 16.700 0.103 
1.833 38.100 23.800 45.300 28.500 14.300 16.800 0.107 
2.000 37.900 23.700 45.200 28.600 14.200 16.600 0.104 
2.167 37.800 23.600 45.300 28.700 14.200 16.600 0.104 
2.333 37.800 23.500 45.300 28.700 14.300 16.600 0.099 
2.500 37.800 23.400 45.300 28.700 14.400 16.600 0.095 
2.667 37.600 23.200 45.300 28.700 14.400 16.600 0.095 
2.833 37.500 23.100 45.300 28.600 14.400 16.700 0.099 
3.000 37.400 23.000 45.400 28.700 14.400 16.700 0.099 
3.167 37.300 22.900 45.400 28.800 14.400 16.600 0.095 
3.333 37.200 22.800 45.400 28.800 14.400 16.600 0.095 
3.500 37.100 22.700 45.300 28.800 14.400 16.500 0.091 
3.667 37.200 22.700 45.400 28.900 14.500 16.500 0.086 
3.833 37.100 22.600 45.300 28.800 14.300 16.500 0.086 
4.000 37.000 22.500 45.400 28.900 14.500 16.500 0.086 
4.167 37.000 22.500 45.400 28.900 14.500 16.500 0.086 
4.333 36.900 22.400 45.400 28.900 14.500 16.500 0.086 
4.500 36.900 22.400 45.500 28.900 14.500 16.600 0.090 
4.667 36.900 22.300 45.500 28.900 14.600 16.600 0.086 
4.833 36.800 22.200 45.500 29.000 14.600 16.500 0.082 
5.000 36.700 22.000 45.500 29.000 14.700 16.500 0.077 
7.000 36.500 21.800 45.300 28.900 14.700 16.400 0.073 
9.000 36.200 21.500 45.200 28.800 14.700 16.400 0.073 
11.000 35.800 21.000 45.000 28.700 14.800 16.300 0.064 
13.000 35.400 20.600 44.800 28.500 14.800 16.300 0.064 
15.000 35.200 20.300 44.700 28.600 14.900 16.100 0.052 
17.000 34.800 19.900 44.600 28.600 14.900 16.000 0.047 
19.000 34.300 19.400 44.400 28.400 14.900 16.000 0.047 
21.000 34.000 19.000 44.000 28.300 15.000 15.700 0.030 
23.000 33.700 18.600 43.800 28.100 15.100 15.700 0.026 
25.000 33.500 18.500 43.500 28.000 15.000 15.500 0.022 
27.000 33.500 18.400 43.100 27.900 15.100 15.200 0.004 
29.000 33.500 18.300 43.000 27.800 15.200 15.200 0.000 
31.000 33.400 18.200 43.100 27.600 15.200 15.500 0.013 
33.000 33.400 18.200 43.000 27.500 15.200 15.500 0.013 
35.000 33.400 18.100 42.900 27.300 15.300 15.600 0.013 
37.000 33.400 18.000 42.800 27.100 15.400 15.700 0.013 
39.000 33.300 17.900 42.800 27.100 15.400 15.700 0.013 
41.000 33.300 17.900 42.800 27.000 15.400 15.800 0.017 
199 
Table A-4. (continued) 
IN SITU LAT STRE'^SLOPE" IN SITU UT STRE NORMAL NORMAL LOG 
EFF STRESRATI EFF b TOTAL TOT STRE RATI TOT PORE F PORE S TIME 
ERR ERR ERR ERR ERR 0.000 0.000 ERR 
0.924 0.148 0.102 7.148 1.142 0.332 0.348 -0.777 
4.308 0.688 0.052 16.950 2.708 0.606 0.600 -0.478 
5.996 0.958 0.102 22.576 3.606 0.788 0.769 -0.301 
10.202 1.630 0.079 31.630 5.053 1.000 0.979 -0.176 
10.267 1.640 0.098 29.035 4.638 0.958 0.983 -0.079 
10.391 1.660 0.104 28.370 4.532 0.946 0.986 0.000 
10.391 1.660 0.107 27.932 4.462 0.938 0.986 0.067 
10.485 1.675 0.109 27.715 4.427 0.931 0.983 0.125 
10.238 1.636 0.114 27.164 4.339 0.923 0.979 0.176 
10.485 1.675 0.114 27.071 4.324 0.919 0.983 0.222 
10.361 1.655 0.115 26.951 4.305 0.919 0.983 0.263 
10.391 1.660 0.117 26.647 4.257 0.915 0.986 0.301 
10.391 1.660 0.121 26.320 4.204 0.911 0.990 0.336 
10.612 1.695 0.121 26.320 4.204 0.907 0.990 0.368 
10.836 1.731 0.121 26.320 4.204 0.903 0.990 0.398 
10.836 1.731 0.124 25.^04 4.138 0.896 0.990 0.426 
10.707 1.710 0.126 25.698 4.105 0.892 0.986 0.452 
10.707 1.710 0.129 25.381 4.054 0.888 0.990 0.477 
10.836 1.731 0.131 25.178 4.022 0.884 0.993 0.501 
10.836 1.731 0.133 24.976 3.990 0.880 0.993 0.523 
10.968 1.752 0.133 24.884 3.975 0.876 0.993 0.544 
11.198 1.789 0.133 24.976 3.990 0.876 0.997 0.564 
11.198 1.789 0.133 24.884 3.975 0.873 0.993 0.584 
11.198 1.789 0.136 24.575 3.926 0.869 0.997 0.602 
11.198 1.789 0.136 24.575 3.926 0.869 0.997 0.620 
11.198 1.789 0.138 24.376 3.894 0.865 0.997 0.637 
11.063 1.767 0.140 24.269 3.877 0.865 0.997 0.653 
11.294 1.804 0.140 24.269 3.877 0.861 0.997 0.669 
11.431 1.826 0.141 24.072 3.845 0.857 1.000 0.684 
11.668 1.864 0.143 23.877 3.814 0.849 1.000 0.699 
11.810 1.887 0.144 23.696 3.785 0.842 0.997 0.845 
11.810 1.887 0.148 23.219 3.709 0.830 0.993 0.954 
12.201 1.949 0.152 22.658 3.620 0.811 0.990 1.041 
12.201 1.949 0.157 22.103 3.531 0.795 0.983 1.114 
12.762 2.039 0.159 21.828 3.487 0.784 0.986 1.176 
12.922 2.064 0.165 21.187 3.384 0.768 0.986 1.230 
12.922 2.064 0.172 20.470 3.270 0.749 0.979 1.279 
13.692 2.187 0.172 20.302 3.243 0.734 0.976 1.322 
13.968 2.231 0.175 19.950 3.187 0.718 0.969 1.362 
14.048 2.244 0.174 19.868 3.174 0.714 0.966 1.398 
14.902 2.381 0.168 20.239 3.233 0.710 0.962 1.431 
15.200 2.428 0.166 20.333 3.248 0.707 0.959 1.462 
14.617 2.335 0.170 20.058 3.204 0.703 0.952 1.491 
14.617 2.335 0.168 20.151 3.219 0.703 0.948 1.519 
14.717 2.351 0.167 20.245 3.234 0.699 0.941 1.544 
14.817 2.367 0.165 20.340 3.249 0.695 0.934 1.568 
14.817 2.367 0.167 20.158 3.220 0.691 0.934 1.591 
14.630 2.337 0.167 20.158 3.220 0.691 0.931 1.613 
^Vertical effective stress used for calculation is 
6.26 psi (water tnhle depth = 8 ft.)-
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Table A-4. (continued) 
STRE PAR STRE PAR STRE RATISTRE PAR STRE PAR STRE RATI 
P'-FIRST Q-FIRST r, FIRST P'-SECON Q-SECOH r, SECOND 
2.087 -6.260 -3.000 2.087 -6.260 -3.000 
2.820 -5.160 -1.830 2.887 -5.060 -1.753 
4.820 -2.160 -0.448 4.753 -2.260 -0.475 
8.953 4.040 0.451 11.087 7.240 0.653 
11.533 7.910 0.686 13.220 10.440 0.790 
11.553 7.940 0.687 13.220 10.440 0.790 
11.553 7.940 0.687 13.153 10.340 0.786 
11.533 7.940 0.687 13.153 10.340 0.786 
11.620 8.040 0.692 13.220 10.440 0.790 
11.620 8.040 0.692 13.353 10.640 0.797 
11.620 8.040 0.692 13.220 10.440 0.790 
11.620 8.040 0.692 13.287 10.540 0.793 
11.553 7.940 0.687 13.153 10.340 0.786 
11.553 7.940 0.687 13.153 10.340 0.786 
11.620 8.040 0.692 13.153 10.340 0.786 
11.687 8.140 0.697 13.153 10.340 0.786 
11.687 8.140 0.697 13.153 10.340 0.786 
11.687 8.140 0.697 13.220 ' 10.440 0.790 
11.687 8.140 0.697 13.220 10.440 0.790 
11.687 8.140 0.697 13.153 10.340 0.786 
11.687 8.140 0.697 13.153 10.340 0.786 
11.687 8.140 0.697 13.087 10.240 0.782 
11.753 8.240 0.701 13.087 10.240 0.782 
11.753 8.240 0.701 13.087 10.240 0.782 
11.753 8.240 0.701 13.087 10.240 0.782 
11.753 8.240 0.701 13.087 10.240 0.782 
11.753 8.240 0.701 13.087 10.240 0.782 
11.753 8.240 0.701 13.153 10.340 0.786 
11.820 8.340 0.706 13.153 10.340 0.786 
11.820 8.340 0.706 13.087 10.240 0.782 
11.887 8.440 0.710 13.087 10.240 0.782 
11.887 8.440 0.710 13.020 10.140 0.779 
11.887 8.440 0.710 13.020 10.140 0.779 
11.953 8.540 0.714 12.953 10.040 0.775 
11.953 8.540 0.714 12.953 10.040 0.775 
12.020 8.640 0.719 12.820 9.840 0.768 
12.020 8.640 0.719 12.753 9.740 0.764 
12.020 8.640 0.719 12.753 9.740 0.764 
12.087 8.740 0.723 12.553 9.440 0.752 
12.153 8.840 0.727 12.553 9.440 0.752 
12.087 8.740 0.723 12.420 9.240 0.744 
12.153 8.840 0.727 12.220 8.940 0.732 
12.220 8.940 0.732 12.220 8.940 0.732 
12.220 8.940 0.732 12.420 9.240 0.744 
12.220 8.940 0.732 12.420 9.240 0.744 
12.287 9.040 0.736 12.487 9.340 0.748 
12.353 9.140 0.740 12.553 9.440 0.752 
12.353 9.140 0.740 12.553 9.440 0.752 
12.353 9.140 0.740 12.620 9.540 0.756 
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Table A-5. Blade data for Test 9-8 
TIME FIRST FIRST SECOND SECOND FIRST SECOND SLOPE 
MINUTE TOTAL PORE TOTAL PORE EFFECTIV EFFECTIV b EFF 
ÔTÔÔÔ ÔIÔÔÔ 0.000 0.000 0.000 0.000 0.000 ËRR* 
0.167 11.400 10.400 13.000 12.300 1.000 0.700 -0.238 
0.333 26.300 21.800 28.700 23.400 4.500 5.300 0.109 
0.500 39.800 30.100 44.500 30.700 9.700 13.800 0.235 
0.667 56.500 35.200 50.700 35.400 21.300 15.300 -0.221 
0.833 56.800 35.400 61.000 38.300 21.400 22.700 0.039 
1.000 56.800 35.600 61.100 38.400 21.200 22.700 0.046 
1.167 56.900 35.700 61.100 38.600 21.200 22.500 0.040 
1.333 56.900 35.800 61.000 38.700 21.100 22.300 0.037 
1.500 56.800 35.900 61.100 38.800 20.900 22.300 0.043 
1.667 56.900 36.000 61.200 38.900 20.900 22.300 0.043 
1.833 56.900 36.100 61.200 38.900 20.800 22.300 0.046 
2.000 57.000 36.200 61.200 40.000 20.800 21.200 0.013 
2.167 56.900 36.300 61.300 40.100 20.600 21.200 0.019 
2.333 56.900 36.300 61.300 40.100 20.600 21.200 0.019 
2.500 56.900 36.400 61.300 40.200 20.500 21.100 0.019 
2.667 56.900 36.100 61.200 40.200 20.400 21.000 0.019 
2.833 56.900 36.500 61.200 40.300 20.400 20.900 0.016 
3.000 56.900 36.600 61.300 40.400 20.300 20.900 0.019 
3.167 56.900 36.600 61.400 40.200 20.300 21.200 0.029 
3.333 57.000 36.700 61.300 40.500 20.300 20.800 0.016 
3.500 57.100 36.800 61.400 40.600 20.300 20.800 0.016 
3.667 57.000 36.800 61.300 40.500 20.200 20.800 0.020 
3.833 57.100 36.900 61.400 40.700 20.200 20.700 0.016 
4.000 57.100 36.900 61.400 40.700 20.200 20.700 0.016 
4.167 57.100 37.000 61.400 40.800 20.100 20.600 0.016 
4.333 57.100 37.100 61.400 40.800 20.000 20.600 0.020 
4.500 57.100 37.100 61.400 40.900 20.000 20.500 0.016 
4.667 57.100 37.000 61.400 40.900 20.100 20.500 0.013 
4.833 57.000 37.000 61.300 41.000 20.000 20.300 0.010 
5.000 57.100 37.100 61.400 41.100 20.000 20.300 0.010 
7.000 57.100 37.100 61.200 41.000 20.000 20.200 0.007 
9.000 56.900 36.900 61.100 39.900 20.000 21.200 0.039 
11.000 56.700 36.700 61.000 39.800 20.000 21.200 0.039 
13.000 56.400 36.500 60.800 39.900 19.900 20.900 0.033 
15.000 56.200 36.400 60.800 39.700 19.800 21.100 0.042 
17.000 56.000 36.300 60.600 39.600 19.700 21.000 0.043 
19.000 55.800 36.200 60.500 39.600 19.600 20.900 0.043 
21.000 55.600 35.900 60.300 39.600 19.700 20.700 0.033 
23.000 55.300 35.700 60.000 39.600 19.600 20.400 0.027 
25.000 55.100 35.500 59.700 39.500 19.600 20.200 0.020 
27.000 54.900 35.400 59.500 39.500 19.500 20.000 0.017 
29.000 54.700 35.300 59.300 39.400 19.400 19.900 0.017 
31.000 54.500 35.200 58.900 39.300 19.300 19.600 0.010 
33.000 54.300 35.000 58.600 39.400 19.300 19.200 -0.003 
35.000 54.200 34.800 58.500 39.300 19.400 19.200 -0.007 
37.000 54.000 34.700 58.100 39.200 19.300 18.900 -0.014 
39.000 53.800 34.600 57.900 39.100 19.200 18.800 -0.014 
41.000 53.600 34.500 57.600 39.100 19.100 18.500 -0.021 
43.000 53.400 34.500 57.400 39.100 18.900 18.300 -0.022 
45.000 53.300 34.500 57.300 39.000 18.800 18.300 -0.018 
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Table A-5. (continued) 
IN SITU LAT STRE" 
EFF STRESSATI EFP 
'SLOPE 
b TOT 
IN SITU 
TOT STRE 
LAT STRE 
RATI TOT 
NOSNAL 
PORE r 
NORMAL 
PORE S 
LOG 
TIME 
ERR ERR ERR ERR ERR 0.000 0.000 ERR 
2.041 0.374 0.088 8.767 1.609 0.280 0.299 -0.777 
3.244 0.595 0.058 22.085 4.052 0.588 0.569 -0.478 
4.792 0.879 0.074 31.837 5.842 0.811 0.747 -0.301 
41.282 7.575 -0.072 70.166 12.875 0.949 0.861 -0.176 
19.019 3.490 0.048 49.248 9.036 0.954 0.932 -0.079 
18.491 3.393 0.049 49.087 9.007 0.960 0.934 0.000 
18.821 3.453 0.047 49.346 9.054 0.962 0.939 0.067 
18.890 3.466 0.046 49.508 9.084 0.965 0.942 0.125 
18.358 3.368 0.049 49.087 9.007 0.968 0.944 0.176 
18.358 3.368 0.049 49.185 9.025 0.970 0.946 0.222 
18.096 3.320 0.049 49.185 9.025 0.973 0.946 0.263 
20.022 3.674 0.047 49.445 9.072 0.976 0.973 0.301 
19.450 3.569 0.050 49.025 8.995 0.978 0.976 0.336 
19.450 3.569 0.050 49.025 8.995 0.978 0.976 0.368 
19.351 3.551 0.050 49.025 8.995 0.981 0.978 0.398 
19.251 3.532 0.049 49.185 9.025 0.984 0.978 0.426 
19.436 3.566 0.049 49.185 9.025 0.984 0.981 0.452 
19.151 3.514 0.050 49.025 8.995 0.987 0.983 0.477 
18.613 3.415 0,051 48.865 8.966 0.987 0.978 0.501 
19.336 3.548 0.048 49.284 9.043 0.989 0.985 0.523 
19.336 3.548 0.048 49.382 9.061 0.992 0.988 0.544 
19.051 3.496 0.048 49.284 9.043 0.992 0.985 0.564 
19.236 3.530 0.048 49.382 9.061 0.995 0.990 0.584 
19.236 3.530 0.048 49.382 9.061 0.995 0.990 0.602 
19.136 3.511 0.048 49.382 9.061 0.997 0.993 0.620 
18.852 3.459 0.048 49.382 9.061 1.000 0.993 0.637 
19.036 3.493 0.048 49.382 9.061 1.000 0.995 0.653 
19.323 3.546 0.048 49.382 9.061 0.997 0.995 0.669 
19.413 3.562 0.048 49.284 9.043 0.997 0.998 0.684 
19.413 3.562 0.048 49.382 9.061 1.000 1.000 0.699 
19.606 3.597 0.046 49.706 9.120 1.000 0.998 0.845 
17.800 3.266 0.047 49.346 9.054 0.995 0.971 0.954 
17.800 3.266 0.049 48.988 8.989 0.989 0.968 1.041 
18.041 3.310 0.050 48.532 8.905 0.984 0.971 1.114 
17.435 3.199 0.052 48.018 8.811 0.981 0.966 1.176 
17.336 3.181 0.053 47.821 8.774 0.978 0.964 1.230 
17.238 3.163 0.054 47.467 8.710 Ô.976 0.964 1.279 
17.843 3.274 0.054 47.270 8.673 0.968 0.964 1.322 
18.093 3.320 0.054 46.976 8.619 0.962 0.964 1.362 
18.453 3.386 0.053 46.936 8.612 0.957 0.961 1.398 
18.537 3.401 0.054 46.739 8.576 0.954 0.961 1.431 
18.437 3.383 0.054 46.543 8.540 0.951 0.959 1.462 
18.714 3.434 0.052 46.662 8.562 0.949 0.956 1.491 
19.502 3.578 0.051 46.623 8.555 0.943 0.959 1.519 
19.806 3.634 0.051 46.525 8.537 0.938 0.956 1.544 
20.126 3.693 0.049 46.648 8.559 0.935 0.954 1.568 
20.026 3.674 0.049 46.450 8.523 0.933 0.951 1.591 
20.359 3.736 0.048 46.414 8.516 0.930 0.951 1.613 
20.160 3.699 0.048 46.217 8.480 0.930 0.951 1.633 
19.841 3.641 0.048 46.118 8.462 0.930 0.949 1.653 
^Vertical effective stress used for calculation is 
5.45 psi (water table depth = 3 ft.)* 
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Table A-5. (continued) 
STRE PAR STRE PAR STRE RATISTRE PAR STRE PAR STRE RATI 
P'-FIRST Q-FIRST r, FIRST P'-SECON Q-SECOND r, SECON 
1.817 -5.450 -3.000 1.817 -5.450 -3.000 
2.483 -4.450 -1.792 2.283 -4.750 -2.080 
4.817 -0.950 -0.197 5.350 -0.150 -0.028 
8.283 4.250 0.513 11.017 8.350 0.758 
16.017 15.850 0.990 12.017 9.850 0.820 
16.083 15.950 0.992 16.950 17.250 1.018 
15.950 15.750 0.987 16.950 17.250 1.018 
15.950 15.750 0.987 16.817 17.050 1.014 
13.883 15.650 0.985 16.683 16.850 1.010 
15.750 15.450 0.981 16.683 16.850 1.010 
15.750 15.450 0.981 16.683 16.850 1.010 
15.683 15.350 0.979 16.683 16.850 1.010 
15.683 15.350 0.979 15.950 15.750 0.987 
15.550 15.150 0.974 15.950 15.750 0.987 
15.550 15.150 0.974 15.950 15.750 0.987 
15.483 15.050 0.972 15.883 15.650 0.985 
15.417 14.950 0.970 15.817 15.550 0.983 
15.417 14.950 0.970 15.750 15.450 0.981 
15.350 14.850 0.967 15.750 15.450 0.981 
15.350 14.850 0.967 15.950 15.750 0.987 
15.350 14.850 0.967 15.683 15.350 0.979 
15.350 14.850 0.967 15.683 15.350 0.979 
15.283 14.750 0.965 15.683 15.350 0.979 
15.283 14.750 0.965 15.617 15.250 0.977 
15.283 14.750 0.965 15.617 15.250 0.977 
15.217 14.650 0.963 15.550 15.150 0.974 
15.150 14.550 0.960 15.550 15.150 0.974 
15.150 14.550 0.960 15.483 15.050 0.972 
15.217 14.650 0.963 15.483 15.050 0.972 
15.150 14.550 0.960 15.350 14.850 0.967 
15.150 14.550 0.960 15.350 14.850 0.967 
15.150 14.550 0.960 15.283 14.750 0.965 
15.150 14.550 0.960 15.950 15.750 0.987 
15.150 14.550 0.960 15.950 15.750 0.987 
15.083 14.450 0.958 15.750 15.450 0.981 
15.017 14.350 0.956 15.883 15.650 0.985 
14.950 14.250 0.953 15.817 15.550 0.983 
14.883 14.150 0.951 15.750 15.450 0.981 
14.950 14.250 0.953 15.617 15.250 0.977 
14.883 14.150 0.951 15.417 14.950 0.970 
14.883 14.150 0.951 15.283 14.750 0.965 
14.817 14.050 0.948 15.150 14.550 0.960 
14.750 13.950 0.946 15.083 14.450 0.958 
14.683 13.850 0.943 14.883 14.150 0.951 
14.683 13.850 0.943 14.617 13.750 0.941 
14.750 13.950 0.946 14.617 13.750 0.941 
14.683 13.850 0.943 14.417 13.450 0.933 
14.617 13.750 0.941 14.350 13.350 0.930 
14.550 13.650 0.938 14.150 13.050 0.922 
14.417 13.450 0.933 14.017 12.850 0.917 
14.350 13.350 0.930 14.017 12.850 0.917 
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Table A-6. Blade data for Test 10-8 
TIME FIRST FIRST SECOND SECOND FIRST SECOND . SLOPE 
MIN TOTAL PORE TOTAL PORE EFFECTIV EFFECTIV b EFF 
0.000 
0.167 
0.333 
0.500 
0.667 
0.833 
1.000 
1.167 
1.333 
1.500 
1.667 
1.833 
2.000 
2.167 
2.333 
2.500 
2.667 
2.833 
3.000 
3.167 
3.333 
3.500 
3.667 
3.833 
4.000 
4.167 
4.333 
4.500 
4.667 
4.833 
5.000 
7.000 
9.000 
11.000 
13.000 
15.000 
17.000 
19.000 
21.000 
23.000 
25.000 
27.000 
29.000 
31.000 
33.000 
35.000 
37.000 
39.000 
41.000 
43.000 
45.000 
0.000 
7.800 
21.400 
39.400 
55.000 
55.100 
55.100 
55.000 
55.000 
55.100 
55.100 
55.200 
55.200 
55.200 
55.200 
55.200 
55.200 
55.200 
55.200 
55.200 
55.300 
55.300 
55.200 
55.200 
55.300 
55.300 
55.300 
55.300 
55.300 
55.300 
55.300 
55.100 
54.900 
54.700 
54.400 
54.000 
53.800 
53.700 
53.400 
53.200 
53.000 
52.800 
52.600 
52.300 
52.000 
51.800 
51.700 
51.600 
51.800 
51.600 
51.600 
0.000 
6.400 
18.700 
28.400 
33.300 
33.800 
34.100 
34.400 
34.700 
35.000 
35.200 
35.400 
35.400 
35.500 
35.600 
35.600 
35.700 
35.700 
35.800 
35.900 
35.900 
35.900 
36.000 
36.000 
36.100 
36.000 
36.000 
36.100 
36.000 
36.100 
36.200 
36.000 
35.900 
35.800 
35.600 
35.400 
35.200 
35.100 
35.200 
35.200 
35.100 
35.000 
34.800 
34.700 
34.600 
34.500 
34.600 
34.400 
34.400 
34.400 
34.400 
0.000 
18.400 
33.500 
57.300 
61.100 
61.200 
61.200 
61.100 
61.100 
61.200 
61.200 
61.300 
61.200 
61.300 
61.200 
61.200 
61.200 
61.300 
61.300 
61.300 
61.300 
61.300 
61.300 
61.300 
61.300 
61.300 
61.400 
61.300 
61.400 
61.400 
61.400 
61.300 
61.100 
60.800 
60.500 
60.200 
60.100 
59.800 
59.700 
59.400 
59.100 
59.000 
58.700 
58.500 
58.300 
57.900 
57.800 
57.700 
57.600 
57.500 
57.500 
0.000 
15.400 
21.500 
30.400 
38.700 
39.000 
39.200 
39.300 
39.400 
39.300 
39.400 
39.500 
39.400 
39.500 
39.600 
39.700 
39.800 
39.600 
39.700 
39.800 
39.800 
39.800 
39.900 
39.800 
39.900 
39.900 
40.000 
39.900 
40.000 
40.100 
40.100 
40.000 
39.800 
39.600 
39.400 
39.400 
39.500 
39.200 
39.300 
39.400 
39.300 
39.000 
38.900 
38.800 
38.600 
38.700 
38.500 
38.300 
38.200 
38.100 
38.100 
0.000 
1.400 
2.700 
11.000 
21.700 
21.300 
21.000 
20.600 
20.300 
20.100 
19.900 
19.800 
19.800 
19.700 
19.600 
19.600 
19.500 
19.500 
19.400 
19.300 
19.400 
19.400 
19.200 
19.200 
19.200 
19.300 
19.300 
19.200 
19.300 
19.200 
19.100 
19.100 
19.000 
18.900 
18.800 
18.600 
18.600 
18.600 
18.200 
18.000 
17.900 
17.800 
17.800 
17.600 
17.400 
17.300 
17.100 
17.200 
17.400 
17.200 
17.200 
0.000 
3.000 
12.000 
26.900 
22.400 
22.200 
22.000 
21.800 
21.700 
21.900 
21.800 
21.800 
21.800 
21.800 
21.600 
21.500 
21.400 
21.700 
21.600 
21.500 
21.500 
21.500 
21.400 
21.500 
21.400 
21.400 
21.400 
21.400 
21.400 
21.300 
21.300 
21.300 
21.300 
21.200 
21.100 
20.800 
20.600 
20.600 
20.400 
20.000 
19.800 
20.000 
19.800 
19.700 
19.700 
19.200 
19.300 
19.400 
19.400 
19.400 
19.400 
ERR 
0.508 
0.994 
0.596 
0.021 
0.028 
0.031 
0.038 
0.044 
0.057 
0.061 
0.064 
0.064 
0.068 
0.065 
0.062 
0.062 
0.071 
0.072 
0.072 
0.069 
0.069 
0.072 
0.075 
0.072 
0.069 
0.069 
0.072 
0.069 
0.069 
0.073 
0.073 
0.076 
0.077 
0.077 
0.075 
0.068 
0.068 
0.076 
0.070 
0.067 
0.078 
0.071 
0.075 
0.083 
0.069 
0.081 
0.080 
0.073 
0.080 
0.080 
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Table A-6. (continued) 
IN SITU 
Err STRE 
UT STRES 
RATI EFF 
SLOPE 
b TOT 
IN SITU 
TOT SRES 
LAT STRE 
RATI TOT 
NORMAL 
PORE F 
NORMAL 
PORE S 
LOG 
TIME 
ERR ERR ERR ERR ERR 0.000 0.000 ERR 
0.305 0.056 0.572 1.402 0.257 0.177 0.384 -0.777 
0.137 0.025 0.299 8.733 1.602 0.517 0.536 -0.478 
1.839 0.338 0.250 18.629 3.418 0.785 0.758 -0.301 
20.365 3.737 0.070 44.566 8.177 0.920 0.965 -0.176 
19.608 3.598 0.070 44.663 8.195 0.934 0.973 -0.079 
19.134 3.511 0.070 44.663 8.195 0.942 0.978 0.000 
18.395 3.375 0.070 44.566 8.177 0.950 0.980 0.067 
17.765 3.260 0.070 44.566 8.177 0.959 0.983 0.125 
16.932 3.107 0.070 44.663 8.195 0.967 0.980 0.176 
16.582 3.043 0.070 44.663 8.195 0.972 0.983 0.222 
16.334 2.997 0.070 44.761 8.213 0.978 0.985 0.263 
16.334 2.997 0.069 44.907 8.240 0.978 0.983 0.301 
16.087 2.952 0.070 44.761 8.213 0.981 0.985 0.336 
16.138 2.961 0.069 44.907 8.240 0.983 0.988 0.368 
16.289 2.989 0.069 44.907 8.240 0.983 0.990 0.398 
16.191 2.971 0.069 44.907 8.240 0.986 0.993 0.426 
15.747 2.889 0.070 44.761 8.213 0.986 0.988 0.452 
15.649 2.871 0.070 44.761 8.213 0.989 0,990 0.477 
15.552 2.854 0.070 44.761 8.213 0.992 0.993 0.501 
15.795 2.898 0.069 45.004 8.258 0.992 0.993 0.523 
15.795 2.898 0.069 45.004 8.258 0.992 0.993 0.544 
15.455 2.836 0.070 44.761 8.213 0.994 0.995 0.564 
15.312 2.810 0.070 44.761 8.213 0.994 0.993 0.584 
15.455 2.836 0.069 45.004 8.258 0.997 0.995 0.602 
15.698 2.880 0.069 45.004 8.258 0.994 0.995 0.620 
15.698 2.880 0.070 44.858 8.231 0.994 0.998 0.637 
15.455 2.836 0.069 45.004 8.258 0.997 0.995 0.653 
15.698 2.880 0.070 44.858 8.231 0.994 0.998 0.669 
15.601 2.863 0.070 44.858 8.231 0.997 1.000 0.684 
15.358 2.818 0.070 44.858 8.231 1.000 1.000 0.699 
15.358 2.818 0.071 44.518 8.168 0.994 0.998 0.845 
15.118 2.774 0.071 44.324 8.133 0.992 0.993 0.954 
15.022 2.756 0.070 44.275 8.124 0.989 0.988 1.041 
14.925 2.738 0.071 43.983 8.070 0.983 0.983 1.114 
14.873 2.729 0.072 43.450 7.972 0.978 0.983 1.176 
15.164 2.782 0.074 43.112 7.910 0.972 0.985 1.230 
15.164 2.782 0.072 43.303 7.946 0.970 0.978 1.279 
14.486 2.658 0.074 42.724 7.839 0.972 0.980 1.322 
14.580 2.675 0.073 42.674 7.830 0.972 0.983 1.362 
14.629 2.684 0.073 42.624 7.821 0.970 0.980 1.398 
14.099 2.587 0.074 42.286 7.759 0.967 0.973 1.431 
14.386 2.640 0.073 42.236 7.750 0.961 0.970 1.462 
14.048 2.578 0.075 41.802 7.670 0.959 0.968 1.491 
13.574 2.491 0.076 41.369 7.591 0.956 0.963 1.519 
14.045 2.577 0.074 41.460 7.607 0.953 0.965 1.544 
13.424 2.463 0.074 41.363 7.590 0.956 0.960 1.568 
13.520 2.481 0.074 41.266 7.572 0.950 0.955 1.591 
13.997 2.568 0.071 41.893 7.687 0.950 0.953 1.613 
13.520 2.481 0.072 41.554 7.625 0.950 0.950 1.633 
13.520 2.481 0.072 41.554 7.625 0.950 0.950 1.653 
^Vertical effective stress used for calculation is 
5.45 psi (water table depth = 3 ft.). 
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Table A-6. (continued) 
STRE PAR STRE PAR STRE RATISTRE PAR STRE PAR STRE RATI 
P'-FIRST Q-FIRST r, FIRST P'-SECON Q-SECON r, SECON 
1.817 -5.450 -3.000 1.817 -5.450 -3.000 
2.750 -4.050 -1.473 3.817 -2.450 -0.642 
3.617 -2.750 -0.760 9.817 6.550 0.667 
9.150 5.550 0.607 19.750 21.450 1.086 
16.283 16.250 0.998 16.750 16.950 1.012 
16.017 15.850 0.990 16.617 16.750 1.008 
15.817 15.550 0.983 16.483 16.550 1.004 
15.550 15.150 0.974 16.350 16.350 1.000 
15.350 14.850 0.967 16.283 16.250 0.998 
15.217 14.650 0.963 16.417 16.450 1.002 
15.083 14.450 0.958 16.350 16.350 1.000 
15.017 14.350 0.956 16.350 16.350 1.000 
15.017 14.350 0.956 16.350 16.350 1.000 
14.950 14.250 0.953 16.350 16.350 1.000 
14.883 14.150 0.951 16.217 16.150 0.996 
14.883 14.150 0.951 16.150 16.050 0.994 
14.817 14.050 0.948 16.083 15.950 0.992 
14.817 14.050 0.948 16.283 16.250 0.998 
14.750 13.950 0.946 16.217 16.150 0.996 
14.683 13.850 0.943 16.150 16.050 0.994 
14.750 13.950 0.946 16.150 16.050 0.994 
14.750 13.950 0.946 16.150 16.050 0.994 
14.617 13.750 0.941 16.083 15.950 0.992 
14.617 13.750 0.941 16.150 16.050 0.994 
14.617 13.750 0.941 16.083 15.950 0.992 
14.683 13.850 0.943 16.083 15.950 0.992 
14.683 13.850 0.943 16.083 15.950 0.992 
14.617 13.750 0.941 16.083 15.950 0.992 
14.683 13.850 0.943 16.083 15.950 0.992 
14.617 13.750 0.941 16.017 15.850 0.990 
14.550 13.650 0.938 16.017 15.850 0.990 
14.550 13.650 0.938 16.017 15.850 0.990 
14.483 13.550 0.936 16.017 15.850 0.990 
14.417 13.450 0.933 15.950 15.750 0.987 
14.350 13.350 0.930 15.883 15.650 0.985 
14.217 13.150 0.925 15.683 15.350 0.979 
14.217 13.150 0.925 15.550 15.150 0.974 
14.217 13.150 0.925 15.550 15.150 0.974 
13.950 12.750 0.914 15.417 14.950 0.970 
13.817 12.550 0.908 15.150 14.550 0.960 
13.750 12.450 0.905 15.017 14.350 0.956 
13.683 12.350 0.903 15.150 14.550 0.960 
13.683 12.350 0.903 15.017 14.350 0.956 
13.550 12.150 0.897 14.950 14.250 0.953 
13.417 11.950 0.891 14.950 14.250 0.953 
13.350 11.850 0.888 14.617 13.750 0.941 
13.217 11.650 0.881 14.683 13.850 0.943 
13.283 11.750 0.885 14.750 13.950 0.946 
13,417 11.950 0.891 14.750 13.950 0.946 
13.283 11.750 0.885 14.750 13.950 0.946 
13.283 11.750 0.885 14.750 13.950 0.946 
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APPENDIX B; 
EQUATION FOR YIELD ENVELOPE 
208 
Derivation of an Equation for Yield Envelope 
The equation of the yield envelope In q-p space is given by the 
Integral equation, 
In(p^ ') - In(pj') + f ^ èr/(ip + r) 
where p^ '^ and p^ ' are the effective stress parameter corresponding to 
stress ratio r^  and r^  respectively, and  ^is the slope of the current 
yield envelope at a given point. Equation 1 may be expressed in the 
form 
( 2 )  
logio(P2*) = logjQ(pj') - F(n) 
where F(n) = (log^ e^) f ^  ôr/(i|) + r) 
(3) 
and function of  ^may be expressed as 
(4) 
l/ip = a/b-r - c 
where a, b, c vary with soil depth and stress ratio. Equation 4 may be 
rewritten as 
b - r = ar - cij)(b - r) 
= tj;(a - c(b - r)) 
or 
tjj = b - r/(a - c (b-r)) 
Therefore, 
ip + r =(b-r + ar - cr(b-r))/ (a-c(b-r)) 
l/(ijj+r) = (a-cb+cr)/((l-cr) (b-r) + ar) ( 6 )  
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or Sr/Cip +  t )  =  f   ^(cr + (a-bc))/(cr^  + r(a-bc-l) + b)|(Sr| 
ri y ri 
•/.; ""2 2 ôr(2cr + (a-bc-1) - cr + 1)/(cr +r(a-bc-l)+b) 
r 
or J ^ <Sr/(ip + r) ~ J"r (^ cr + (a-bc-1) )/(cr^ +r(a-bc-l)+b)jôr| 
2 + 2 (7) 
- c /  ^ r6r/(cr +r(a-bc-l)+b) / ^  6r/(cr +r(a-bc-1)+b) 
The right-hand side of the equation 7 consists of three integrals, the 
solution for all of them are listed in the Standard Mathematical Table. 
As a result, 
2 
ôr/(<j)+r) = 1/2 In(cr^ +r(a-bc-l)+b) 
+ 1/2 (a-bc +1) I  ^ôr/(cr^ +r(a-bc-l)+b) 
J" ôr/(cr^ +r(a-bc-l)+b) = J* i / 6r/(ar^ +gr +Y) (9) 
Then the solution for the integral in equation 9 is: 
r 2 h 2 
J ô v / ( a r  +er+Y) = g -Aay In-
2ar +e-ye -4aY , 
w- I for B >4OIY (10a) 
2%r + +/ 3 -Aay 
for <'<">> 
=  - 2 / ( l a y  +  e) for = Aay ^^ 0^ ) 
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Therefore, combining equations 8 and 10 the yield envelope defined by 
equation 2 and 3 are obtained. 
Input Parameters for Yield Envelope Equation 
In order to find the stress parameter p^ ' in the predicted yield 
envelope for each soil depth, the following numerical values are 
required. 
(1) the effective stress parameter corresponding to the 
stress ratio r^  r^  is the least value of r for each soil depth 
(i.e., r^  = 0.4 for 4 ft., r^  = 0.25 for 6 ft., and r^  = 0.25 for 8 
ft.). 
(2) Pg', the effective stress parameter p corresponding to the 
desired stress ratio r^  The stress ratios used in triaxial 
extension test other than r^ . 
(3) Constant a, b and c are obtained by comparing equation 4 as 
mentioned above with equations 27 to 29 listed in the text on page 139. 
Example of the input parameter 
The data for soil at 4-ft depth, where 
a = 0.438 (Equation 27) 
b = 1.402 (Equation 27) 
c = 0.445 for r = 0.55 (Table 4) 
Pj^  = 13.8 psi (Table 5) 
After inputing these parameters into equations 8 and 10 as listed in 
this appendix and equation 31 listed in the text on page 139, the 
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redlcted stress parameter pg' is calculated as 18.2 psi and predicted 
q Is 18.2 X 0.55 = 10.25 psi. 
212 
APPENDIX C: 
THICKNESS OF CONSOLIDATING SOIL LAYER 
213 
Thickness of Consolidating Soli Layer 
Required equations, 
(1) ÔU = O.A35C^ /l + |(5p'/p' + 6r/(# + r))| 
6e = 0.4350^ /1 + j(6p'/p' + 6r/(* + r))(l/ip + c)j 
where 1/iJ» + c = a/(b - r) (3) 
Ej =» (1 + 2u/3)0.5 
(4)  
m (5) 
H =» m/ 2b (6) 
Parameters for the above equations are defined In the text on page 156. 
Input parameters 
(1) Compression Index C^  and Initial void ratio for different 
soli depth They are summarized In the table of soil properties on 
page 125. 
(2) Stress parameter p", q and stress ratio, r — The p' and q 
value are the assumed Initial stress state of soil used In trlaxlal 
extension test; r Is the ratio of the q and p' value. The values of 
(p', q, r) is (4.73, 2.84, 0.6), (6.47, 3.88, 0.6) and (8, 4.8, 0.6) 
for 4-ft depth, 6-ft depth and 8-ft depth respectively. 
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(3) Stress Increment, ôp' It is defined as the difference 
between value of p" In (2) and the equivalent value of p' for the blade 
measured effective pressure at the time when the penetration has 
stopped (I.e., t = 0.8333 mln.) For example, for Test 1-4, gp'= 11.52 
psl for first blade step at t » 0.8333 mln. (see Appendix A), 
therefore, p' = 11.52- 4.73 = 6.79 (psl). 
(4) Change of stress Increment, 6r It Is defined as the 
difference of the stress ratio as in (2) and that as in (3). For 
example, for Test 1-4, 6r = 0.932 - 0.6 = 0.332 (see Appendix A) for 
the first blade step at t = 0.8333 mln. 
(5) The parameters in expressions 1/iJj+r and 6e=6u(^ )^ Refer 
to Appendix B. 
(6) Horizontal stress, and average stress change, The 
horizontal stress is the effective stress of soil determined by the 
subtracting the total and pore pressure measured from blade at t = 
0.8333 mln. The average stress change is the average of the horizontal 
stress and the extrapolated in situ effective stress ( ) at t = 
0.8333 mln. For example, in Test 1-4, = 15.1 psl and = 10.06 
psl for the first blade step. Therefore, ° (10.06 + 15.1)/2 = 
12.58 psl. 
(7) b value b is the slope for the regression equation 
between pressure and blade thickness at t = 0.8333 mln. For example, 
at 4-ft depth, b = 0.135 (see Appendix A). 
